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FIG. 16C
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FIG. 25
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CIRCUITS FOR CONTROLLING DISPLAY
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 11/978,829, filed Oct. 29, 2007, which is a
continuation-in-part of U.S. patent application Ser. No.
11/326,962, filed Jan. 6, 2006, now U.S. Pat. No. 7,755,582,
granted Aug. 24, 2006, and claims the benefit of U.S. Provi-
sional Application Nos. 60/676,053 and 60/655,827, filed
Apr. 29,2005 and Feb. 23, 2005, respectively. The contents of
each of these applications are incorporated by reference
herein in their entirety.

FIELD OF THE INVENTION

In general, the invention relates to the field of imaging
displays, in particular, the invention relates to circuits for
controlling light modulators incorporated into imaging dis-

plays.
BACKGROUND OF THE INVENTION

Displays built from mechanical light modulators are an
attractive alternative to displays based on liquid crystal tech-
nology. Mechanical light modulators are fast enough to dis-
play video content with good viewing angles and with a wide
range of color and grey scale. Mechanical light modulators
have been successful in projection display applications.
Direct-view displays using mechanical light modulators have
not yet demonstrated sufficiently attractive combinations of
brightness and low power. There is a need in the art for fast,
bright, low-powered mechanically actuated direct-view dis-
plays. Specifically there is a need for direct-view displays that
can be driven at high speeds and at low voltages for improved
image quality and reduced power consumption.

SUMMARY OF THE INVENTION

According to one aspect, the invention relates to a direct-
view display apparatus that includes voltage regulators that
substantially limits variation in a voltage applied across the
actuators in the display that would otherwise be caused by
movement of portions of the actuators. In one embodiment,
voltage variation is considered substantially limited if, during
actuation of an actuator, the voltage across the actuator varies
less than 20% from the voltage needed to initiate actuation of
the actuator. In other embodiments, voltage variation is con-
sidered substantially limited if, during actuation of an actua-
tor, the voltage across the actuator varies less than 10% from
the voltage needed to initiate actuation of the actuator. In still
another other embodiments, voltage variation is considered
substantially limited if, during actuation of an actuator, the
voltage across the actuator varies less than 5% from the volt-
age needed to initiate actuation of the actuator.

The direct-view display apparatus includes an array of
pixels formed on a transparent substrate. Each pixel includes
a MEMS-based light modulator. Suitable MEMS-based light
modulators include shutter-based light modulators, light-tap
based light modulators, and electrowetting-based light modu-
lators. The MEMS-based light modulators include at least
one electrostatic actuator for changing the state of the light
modulator.

The direct-view display apparatus also includes a control
matrix. The control matrix is connected to the substrate and
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includes, for each pixel, a write-enabling interconnect, a data
voltage interconnect, and a data switch. The write-enable
interconnect of a pixel enables the pixel to respond to a data
voltage applied via the data voltage interconnect. The data
switch of a pixel electrically connects to a corresponding data
voltage interconnect. Voltages applied to the pixel’s data volt-
age interconnect thereby control the state of the pixel’s light
modulator.

n one embodiment, for each pixel, the control matrix also
includes a voltage inverter circuit. The voltage inverter cir-
cuit, in various implementations, is a p-mos inverter circuit,
an n-mos inverter circuit, and a CMOS inverter circuit. The
voltage inverter circuit, in some instances is a level shifting
inverter. In other instances, the voltage inverter circuit is a
transition sharpening inverter or a switching inverter. In
another embodiment, the control matrix includes a cross-
coupled inverter for each pixel. The cross-coupled inverter, in
one embodiment electrically couples the first and second
actuators to one another. In another embodiment, the cross-
coupled inverter comprises a level shifting inverter.

In various embodiments, each pixel includes a flip flop
circuit. In one embodiment, the flip flop electrically connects
the first and second actuators of the pixel to one another. In
another embodiment, the flip flop stores light modulator con-
trol instructions. Light modulator instructions, in some
embodiments may also be stored by a cross-coupled inverter
included in the control matrix for each pixel.

In one embodiment in which the light modulators are shut-
ter-based, the first and second actuators force the shutters of
the light modulators relative to an aperture. The aperture may
be formed in a layer of material on the substrate. In an alter-
native embodiment, the layer of material in which the aper-
tures are formed is a transparent substrate other than the
substrate on which the light modulators are formed.

In another embodiment, the control matrix includes a glo-
bal actuation interconnect that is electrically connected to
pixels in at least two rows and at least two columns of the
array of pixels. The global actuation interconnect causes sub-
stantially simultaneous actuation of the pixels to which it is
connected. In one embodiment, the global actuation intercon-
nect is electrically connected to, and thereby controls, a dis-
charge transistor included in each pixel of the array.

In still another embodiment, the control matrix includes a
first voltage actuation interconnect. The first voltage actua-
tion interconnect is distinct from the data voltage intercon-
nect and is electrically connected to the first actuator. The first
actuation voltage interconnect provides a voltage sufficient to
actuate the first actuator. In another embodiment, the control
matrix includes another switch, other than the data switch for
regulating the application of the voltage provided via the first
actuation voltage interconnect, for each pixel in the array. The
data switch, in certain embodiments, is a transistor that selec-
tively controls the discharge of the voltage provided by the
first actuation voltage interconnect. Each pixel may also have
be electrically connected to a common voltage interconnect
in the control matrix that provides a bias voltage to the pixels
to which it is connected.

In a further embodiment, the control matrix includes a
second actuation voltage interconnect. The second actuation
voltage interconnect is distinct from both the data voltage
interconnect and the first actuation voltage interconnect. The
second actuation voltage interconnect provides a voltage suf-
ficient to actuate the second actuators of the pixels to which it
is connected. In one embodiment, the application of the volt-
age provided by the second actuation voltage interconnect to
the second actuator of a pixel is controlled by the pixel’s data
switch. In another embodiment, the second actuation voltage



US 9,177,523 B2

3

interconnect directly connects a display drive to the second
actuators of pixels in the array. In some embodiments, the
voltage provided by the second actuation voltage intercon-
nect is insufficient to actuate the second actuator if a voltage
greater than a maintenance voltage is applied to the first
actuator.

In another embodiment, the control matrix include an
actuation voltage interconnect that is directly electrically
connected to one of the actuators of pixels in multiple rows
and in multiple columns of the array of pixels. The actuation
voltage interconnect provides a voltage sufficient to actuate
the actuators to which it is connecting barring an opposing
voltage being applied to the actuators that oppose the actua-
tors to which the shared actuation voltage interconnect con-
nects.

In one embodiment, the voltage regulators are display driv-
ers that include DC voltage sources. The display drivers are
connected to light modulators in the array by actuation volt-
age interconnects that are distinct from the data voltage inter-
connects. In some embodiments, the actuation voltage inter-
connect electrically connects directly to pixel actuators. In
other embodiments, the actuation voltage interconnect elec-
trically connects to pixel actuators through a switch, other
than the data switch, included in the control matrix for each
pixel. In one embodiment, the actuation voltage interconnect
provides a substantially constant voltage throughout opera-
tion of the display. In other embodiments, the voltage on the
actuation voltage interconnect varies during operation as a
result of variation in display driver output.

In another embodiment, each pixel includes its own voltage
regulator. In one particular embodiment, the voltage regulator
is a capacitor in electrical communication with the electro-
static actuator.

In a second aspect, the invention relates to a direct-view
display apparatus that includes an array of MEMS-based light
modulators formed on a transparent substrate. The display
apparatus includes a control matrix formed on the substrate.
The control matrix includes a CMOS circuit for each pixel in
the display.

In a third aspect, the invention relates to a direct-view
display apparatus that includes a bank-wise addressing fea-
ture. The display apparatus includes a transparent substrate,
upon which an array of light modulators are formed. Suitable
light modulators include, without limitation, shutter-based
light modulators, electrowetting-based light modulators, and
light-tap based light modulators. The array is organized into
rows and columns. The rows are divided into at least two sets
of rows. Each row in a set of rows is associated with a
corresponding row in another set of rows. The associated
rows are collectively referred to as a “group of associated
rows.” For each pixel in the array, the light modulators include
an actuator for controlling the state of the light modulator.

The display apparatus also includes a control matrix con-
nected to the substrate and the light modulators. For each
group of associated rows in the array, the control matrix
includes an electrical connection shared among the pixels of
the group of associated rows that enables the group of asso-
ciated rows to be actuated to an addressed state at substan-
tially the same time. These electrical connections allow each
group of associated rows to be actuated at a different times. In
one embodiment, the control matrix includes, for each col-
umn in the array, a single write enable switch and a single data
store capacitor per set of rows. In another embodiment, the
display apparatus includes, for each group of associated rows,
a second distinct electrical connection shared among the pix-
els of the associated rows. This second electrical connection
provides an actuation voltage to the light modulators in the
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pixels to reset the pixels to an initial state. In still another
embodiment, the display apparatus includes a charge inter-
connect that connects to pixels in multiple rows and in mul-
tiple columns. This charge interconnect provides an actuation
voltage to the actuators in the pixels to drive the light modu-
lators into the addressed state.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing discussion will be understood more readily
from the following detailed description of the invention with
reference to the following drawings:

FIG. 1A is an isometric view of display apparatus, accord-
ing to an illustrative embodiment of the invention;

FIG. 1B is a block diagram of the a display apparatus,
according to an illustrative embodiment of the invention;

FIG. 2 is an isometric view of a shutter assembly suitable
for inclusion in the display apparatus of FIG. 1, according to
an illustrative embodiment of the invention;

FIGS. 3A and 3B are isometric views of a dual-actuated
shutter assembly suitable for inclusion in the display appara-
tus of FIG. 1, according to an illustrative embodiment of the
invention;

FIG. 4A is a top view of an array of shutter assemblies
suitable for inclusion in the display apparatus of FIG. 1,
according to an illustrative embodiment of the invention;

FIG. 4B is a cross sectional view of an illustrative non-
shutter-based light modulator suitable for inclusion in various
embodiments of the invention;

FIG. 4C is a cross sectional view of a second illustrative
non-shutter-based light modulator suitable for inclusion in
various embodiments of the invention;

FIG. 5A is a conceptual diagram of a control matrix suit-
able for controlling the shutter assemblies of the display
apparatus of FIG. 1, according to an illustrative embodiment
of the invention;

FIG. 5B is an isometric view of an array of pixels incorpo-
rating the control matrix of FIG. 5A and the shutter assem-
blies of FI1G. 2, according to an illustrative embodiment of the
invention;

FIG. 6 is a diagram of a second control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1 according to an illustrative embodiment of the inven-
tion;

FIG. 7 is a diagram of a third control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 8 is a flow chart of a method of addressing the pixels
of the control matrix of FIG. 7, according to an illustrative
embodiment of the invention;

FIG. 9 is a diagram of a fourth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 10 is a flow chart of a method of addressing the pixels
of the control matrix of FIG. 9, according to an illustrative
embodiment of the invention;

FIG. 11 is a diagram of a fifth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 12 is a flow chart of a method of addressing the pixels
of the control matrix of FIG. 11, according to an illustrative
embodiment of the invention;
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FIG. 13 is a diagram of a sixth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 14 is a diagram of a seventh control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 15 is a diagram of an eighth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 16A is a diagram of a ninth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 168 is a diagram of a tenth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 16C is a flow chart of a method of addressing the
pixels of the control matrix of FIG. 16B, according to an
illustrative embodiment of the invention;

FIG. 17 is a diagram of an eleventh control matrix suitable
for controlling the shutter assemblies of the display apparatus
of FIG. 1, according to an illustrative embodiment of the
invention;

FIG. 18 is a diagram of a twelfth control matrix suitable for
controlling the shutter assemblies of the display apparatus of
FIG. 1, according to an illustrative embodiment of the inven-
tion;

FIG. 19 is a diagram of a thirteenth control matrix suitable
for controlling the shutter assemblies of the display apparatus
of FIG. 1, according to an illustrative embodiment of the
invention

FIG. 20 is a diagram of a fourteenth control matrix suitable
for controlling the shutter assemblies of the display apparatus
of FIG. 1, according to an illustrative embodiment of the
invention;

FIG. 21 is a diagram of a fifteenth control matrix suitable
for controlling the shutter assemblies of the display apparatus
of FIG. 1, according to an illustrative embodiment of the
invention;

FIG. 22 is a diagram of a sixteenth control matrix suitable
for controlling the shutter assemblies of the display apparatus
of FIG. 1, according to an illustrative embodiment of the
invention;

FIG. 23 is a diagram of a seventeenth control matrix suit-
able for controlling the shutter assemblies of the display
apparatus of FIG. 1, according to an illustrative embodiment
of the invention;

FIG. 24 is a diagram of an eighteenth control matrix suit-
able for controlling the shutter assemblies of the display
apparatus of FIG. 1, according to an illustrative embodiment
of the invention;

FIG. 25 is a flow chart of a method of addressing the pixels
of the control matrix of FIG. 24, according to an illustrative
embodiment of the invention;

FIG. 26 is a schematic diagram of yet another suitable
control matrix for inclusion in the display apparatus, accord-
ing to an illustrative embodiment of the invention;

FIG. 27 is a schematic diagram of another control matrix
suitable for inclusion in the display apparatus, according to an
illustrative embodiment of the invention; and

FIG. 28 includes three charts of voltage variations across
portions of MEMS actuators that may result during actuation,
according to various embodiments of the invention.
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DESCRIPTION OF CERTAIN ILLUSTRATIVE
EMBODIMENTS

To provide an overall understanding of the invention, cer-
tain illustrative embodiments will now be described, includ-
ing apparatus and methods for displaying images. However, it
will be understood by one of ordinary skill in the art that the
systems and methods described herein may be adapted and
modified as is appropriate for the application being addressed
and that the systems and methods described herein may be
employed in other suitable applications, and that such other
additions and modifications will not depart from the scope
hereof.

FIG. 1A is an isometric view of a display apparatus 100,
according to an illustrative embodiment of the invention. The
display apparatus 100 includes a plurality of light modulators,
in particular, a plurality of shutter assemblies 102a-102d
(generally “shutter assemblies 102”) arranged in rows and
columns. In the display apparatus 100, shutter assemblies
102a and 1024 are in the open state, allowing light to pass.
Shutter assemblies 1025 and 102¢ are in the closed state,
obstructing the passage of light. By selectively setting the
states of the shutter assemblies 102a-102d, the display appa-
ratus 100 can be utilized to form an image 104 for a projection
or backlit display, if illuminated by lamp 105. In another
implementation the apparatus 100 may form an image by
reflection of ambient light originating from the front of the
apparatus. Preferably, the display apparatus 100 is a direct-
view display in which light modulated by the shutter assem-
blies 102 is introduced through a backlight and is directed to
a viewer without projection onto an intervening screen.

In the display apparatus 100, each shutter assembly 102
corresponds to a pixel 106 in the image 104. In other imple-
mentations, the display apparatus 100 may utilize a plurality
of shutter assemblies to form a pixel 106 in the image 104. For
example, the display apparatus 100 may include three color-
specific shutter assemblies 102. By selectively opening one or
more of the color-specific shutter assemblies 102 correspond-
ing to a particular pixel 106, the display apparatus 100 can
generate a color pixel 106 in the image 104. In another
example, the display apparatus 100 includes two or more
shutter assemblies 102 per pixel 106 to provide grayscale in
animage 104. With respect to an image, a “pixel” corresponds
to the smallest picture element defined by the resolution of
image. With respect to structural components of the display
apparatus 100, the term “pixel” refers to the combined
mechanical and electrical components utilized to modulate
the light that forms a single pixel of the image.

Each shutter assembly 102 includes a shutter 108 and an
aperture 109. To illuminate a pixel 106 in the image 104, the
shutter 108 is positioned such that it allows light to pass
through the aperture 109 towards a viewer. To keep a pixel
106 unlit, the shutter 108 is positioned such that it obstructs
the passage of light through the aperture 109. The aperture
109 is defined by an opening patterned through a reflective or
light-absorbing material in each shutter assembly 102.

The display apparatus also includes a control matrix con-
nected to the substrate and to the shutter assemblies for con-
trolling the movement of the shutters. The control matrix
includes a series of electrical interconnects (e.g., intercon-
nects 110, 112, and 114), including at least one write-enable
interconnect 110 (also referred to as a “scan-line intercon-
nect”) per row of pixels, one data interconnect 112 for each
column of pixels, and one common interconnect 114 provid-
ing a common voltage to all pixels, or at least pixels from both
multiple columns and multiples rows in the display apparatus
100. In response to the application of an appropriate voltage
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(the “write-enabling voltage, V,,.”), the write-enable inter-
connect 110 for a given row of pixels prepares the pixels in the
row to accept new shutter movement instructions. The data
interconnects 112 communicate the new movement instruc-
tions in the form of data voltage pulses. The data voltage
pulses applied to the data interconnects 112, in some imple-
mentations, directly contribute to an electrostatic movement
of the shutters. In other implementations, the data voltage
pulses control switches (also referred to as “data switches™),
e.g., transistors or other non-linear circuit elements that con-
trol the application of separate actuation voltages, which are
typically higher in magnitude than the data voltages, to the
shutter assemblies 102. The application of these actuation
voltages then results in the electrostatic movement of the
shutters 108.

FIG. 1B is a block diagram 150 of the display apparatus
100. In addition to the elements of the display apparatus 100
described above, as depicted in the block diagram 150, the
display apparatus 100 includes a plurality of scan drivers 152
(also referred to as “write enabling voltage sources”) and a
plurality of data drivers 154 (also referred to as “data voltage
sources”). The scan drivers 152 apply write enabling voltages
to scan-line interconnects 110. The data drivers 154 apply
data voltages to the data interconnects 112. In some embodi-
ments of the display apparatus, the data drivers 154 are con-
figured to provide analog data voltages to the shutter assem-
blies, especially where the gray scale of the image 104 is to be
derived in analog fashion. In analog operation the shutter
assemblies 102 are designed such that when a range of inter-
mediate voltages is applied through the data interconnects
112 there results a range of intermediate open states in the
shutters 108 and therefore a range of intermediate illumina-
tion states or gray scales in the image 104.

In other cases the data drivers 154 are configured to apply
only a reduced set of 2, 3, or 4 digital voltage levels to the
control matrix. These voltage levels are designed to set, in
digital fashion, either an open state or a closed state to each of
the shutters 108.

The scan drivers 152 and the data drivers 154 are connected
to digital controller circuit 156 (also referred to as the “con-
troller 156”). The controller includes a display interface 158
which processes incoming image signals into a digital image
format appropriate to the spatial addressing and the gray scale
capabilities of the display. The pixel location and gray scale
data of each image is stored in a frame buffer 159 so that the
data can be fed out as needed to the data drivers 154. The data
is sent to the data drivers 154 in mostly serial fashion, orga-
nized in predetermined sequences grouped by rows and by
image frames. The data drivers 154 can include series to
parallel data converters, level shifting, and for some applica-
tions digital to analog voltage converters.

All of the drivers (e.g., scan drivers 152, data drivers 154,
actuation driver 153 and global actuation driver 155) for
different display functions are time-synchronized by a tim-
ing-control 160 in the controller 156. Timing commands
coordinate the illumination of red, green and blue lamps 162,
164, and 166 via lamp drivers 168, the write-enabling and
sequencing of specific rows of the array of pixels, the output
of voltages from the data drivers 154, and for the output of
voltages that provide for shutter actuation.

The controller 156 determines the sequencing or address-
ing scheme by which each of the shutters 108 in the array can
be re-set to the illumination levels appropriate to a new image
104. New images can 104 be set at periodic intervals. For
instance, for video displays, the color images 104 or frames of
the video are refreshed at frequencies ranging from 10 to 300
Hertz. In some embodiments the setting of an image frame is
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synchronized with the illumination of a backlight such that
alternate image frames are illuminated with an alternating
series of colors, such as red, green, and blue. The image
frames for each respective color is referred to as a color
sub-frame. In this method, referred to as the field sequential
color method, if the color sub-frames are alternated at fre-
quencies in excess 0of 20 Hz, the human brain will average the
alternating frame images into the perception of an image
having a broad and continuous range of colors.

If the display apparatus 100 is designed for the digital
switching of shutters 108 between open and closed states, the
controller 156 can control the addressing sequence and/or the
time intervals between image frames to produce images 104
with appropriate gray scale. The process of generating vary-
ing levels of grayscale by controlling the amount of time a
shutter 108 is open in a particular frame is referred to as time
division gray scale. In one embodiment of time division gray
scale, the controller 156 determines the time period or the
fraction of time within each frame that a shutter 108 is
allowed to remain in the open state, according to the illumi-
nation level or gray scale desired of that pixel. In another
embodiment of time division gray scale, the frame time is
split into, for instance, 15 equal time-duration sub-frames
according to the illumination levels appropriate to a 4-bit
binary gray scale. The controller 156 then sets a distinct
image into each of the 15 sub-frames. The brighter pixels of
the image are left in the open state for most or all of the 15
sub-frames, and the darker pixels are set in the open state for
only a fraction of the sub-frames. In another embodiment of
time-division gray scale, the controller circuit 156 alters the
duration of a series of sub-frames in proportion to the bit-level
significance of a coded gray scale word representing an illu-
mination value. That is, the time durations of the sub-frames
can be varied according to the binary series 1,2,4,8 .... The
shutters 108 for each pixel are then set to either the open or
closed state in a particular sub-frame according to the bit
value at a corresponding position within the binary word for
its intended gray level.

A number of hybrid techniques are available for forming
gray scale which combine the time division techniques
described above with the use of either multiple shutters 108
per pixel or via the independent control of backlight intensity.
These techniques are described further below.

Addressing the control matrix, i.e., supplying control
information to the array of pixels, is, in one implementation,
accomplished by a sequential addressing of individual lines,
sometimes referred to as the scan lines or rows of the matrix.
By applying V,, to the write-enable interconnect 110 for a
given scan line and selectively applying data voltage pulses
V ;1o the data interconnects 112 for each column, the control
matrix can control the movement of each shutter 108 in the
write-enabled row. By repeating these steps for each row of
pixels in the display apparatus 100, the control matrix can
complete the set of movement instructions to each pixel in the
display apparatus 100.

In one alternative implementation, the control matrix
applies V,,, to the write-enable interconnects 110 of multiple
rows of pixels simultaneously, for example, to take advantage
of similarities between movement instructions for pixels in
different rows of pixels, thereby decreasing the amount of
time needed to provide movement instructions to all pixels in
the display apparatus 100. In another alternative implemen-
tation, the rows are addressed in a non-sequential, e.g., in a
pseudo-randomized order, in order to minimize visual arti-
facts that are sometimes produced, especially in conjunction
with the use of a coded time division gray scale.
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In alternative embodiments, the array of pixels and the
control matrices that control the pixels incorporated into the
array may be arranged in configurations other than rectangu-
lar rows and columns. For example, the pixels can be arranged
in hexagonal arrays or curvilinear rows and columns. In gen-
eral, as used herein, the term scan-line shall refer to any
plurality of pixels that share a write-enabling interconnect.
Shutter Assemblies

FIG. 2 is diagram of an illustrative shutter assembly 200
suitable for incorporation into the display apparatus 100 of
FIG. 1. The shutter assembly 200 includes a shutter 202
coupled to an actuator 204. The actuator 204 is formed from
two separate compliant electrode beam actuators 205, as
described in U.S. patent application Ser. No. 11/251,035,
filed on Oct. 14, 2005. The shutter 202 couples on one side to
the actuators 205. The actuators 205 move the shutter trans-
versely over a surface in a plane of motion which is substan-
tially parallel to the surface. The opposite side of the shutter
couples to a spring 207 which provides a restoring force
opposing the forces exerted by the actuator 204.

Each actuator 205 includes a compliant load beam 206
connecting the shutter 202 to a load anchor 208. The load
anchors 208 along with the compliant load beams 206 serve
as mechanical supports, keeping the shutter 202 suspended
proximate to the surface. The surface includes one or more
apertures 211 for admitting the passage of light. The load
anchors 208 physically connect the compliant load beams
206 and the shutter 202 to the surface and electrically connect
the load beams 206 to a bias voltage, in some instances,
ground.

Each actuator 204 also includes a compliant drive beam
216 positioned adjacent to each load beam 206. The drive
beams 216 couple at one end to a drive beam anchor 218
shared between the drive beams 216. The other end of each
drive beam 216 is free to move. Each drive beam 216 is curved
such that it is closest to the load beam 206 near the free end of
the drive beam 216 and the anchored end of the load beam
206.

In operation, a display apparatus incorporating the shutter
assembly 200 applies an electric potential to the drive beams
216 viathe drive beam anchor 218. A second electric potential
may be applied to the load beams 206. The resulting potential
difference between the drive beams 216 and the load beams
206 pulls the free ends of the drive beams 216 towards the
anchored ends of the load beams 206, and pulls the shutter
ends of the load beams 206 toward the anchored ends of the
drive beams 216, thereby driving the shutter 202 transversely
towards the drive anchor 218. The compliant members 206
act as springs, such that when the voltage across the beams
206 and 216 potential is removed, the load beams 206 push
the shutter 202 back into its initial position, releasing the
stress stored in the load beams 206.

A shutter assembly, such as shutter assembly 200, that
incorporates a passive restoring force mechanism is generally
referred to herein as an elastic shutter assembly. A number of
elastic restoring mechanisms can be built into or in conjunc-
tion with electrostatic actuators, the compliant beams illus-
trated in shutter assembly 200 providing just one example.
Elastic shutter assemblies can be constructed such that in an
unactivated, or relaxed state, the shutters are either opened or
closed. For illustrative purposes, it is assumed below that the
elastic shutter assemblies described herein are constructed to
be closed in their relaxed state.

As described in U.S. patent application Ser. No. 11/251,
035, referred to above, depending on the curvature of the
drive beams 216 and load beams 206, the shutter assembly
may either be controlled in a analog or digital fashion. When
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the beams have a strongly non-linear or divergent curvature
(beams diverging with more than a second order curvature)
the application of an analog actuation voltage across drive
beams 216 and the load beams 206 results in a predetermined
incremental displacement of the shutter 202. Thus, the mag-
nitude of shutter 202 displacement can be varied by applying
different magnitude voltages across the drive beams 216 and
the load beams 206. Shutter assemblies 200 including more
curved beams are therefore used to implement analog gray
scale processes.

For shutter assemblies with less curved beams (beams
diverging with second order curvature or less), the application
of a voltage across the drive beams 216 and the load beams
206 results in shutter displacement if the voltage is greater
than a threshold voltage (V ,,). Application of a voltage equal-
ing or exceeding V , results in the maximum shutter displace-
ment. That is, if the shutter 202 is closed absent the applica-
tion of a voltage equaling or exceeding the threshold,
application of any voltage equaling or exceeding V ,, fully
opens the shutter. Such shutter assemblies are utilized for
implementing time division and/or digital area division gray
scale processes in various embodiments of the display appa-
ratus 100.

FIGS. 3A and 3B are isometric views of a second shutter
assembly 300 suitable for use in the display apparatus 100.
FIG. 3A is a view of the second shutter assembly 300 in an
open state. FIG. 3B is a view of the second shutter assembly
300 in a closed state. Shutter assembly 300 is described in
further detail in U.S. patent application Ser. No. 11/251,035,
referenced above. In contrast to the shutter assembly 200,
shutter assembly 300 includes actuators 302 and 304 on either
side of a shutter 306. Each actuator 302 and 304 is indepen-
dently controlled. A first actuator, a shutter-open actuator
302, serves to open the shutter 306. A second actuator, the
shutter-close actuator 304, serves to close the shutter 306.
Both actuators 302 and 304 are preferably compliant beam
electrode actuators. The actuators 302 and 304 open and close
the shutter 306 by driving the shutter 306 substantially in a
plane parallel to a surface 307 over which the shutter is
suspended. The shutter 306 is suspended over the surface at
via anchors 308 attached to the actuators 302 and 304. The
inclusion of supports attached to both ends of the shutter 306
along its axis of movement reduces out of plane motion of the
shutter 306 and confines the motion substantially to the
desired plane of motion. The surface 307 includes at least one
aperture 309 for admitting the passage of light through the
surface 307.

FIG. 4A is atop view of an array 400 of shutter assemblies
402 suitable for inclusion in the display apparatus 100. Each
shutter assembly 402 includes a shutter 404, a load beam 406,
and two drive beams 408. As with the shutter assemblies 200
and 300 described above, the shutter assemblies 402 modu-
late light by transversely driving their corresponding shutters
404 such that the shutters 404 selectively interfere with light
passing through apertures in a surface over which the shutters
404 are driven.

To drive one of the shutters in one of the shutter assemblies,
a voltage is applied across the load beam 406 and one of the
drive beams 408. To generate the voltage, a first electric
potential is applied to the selected drive beam and a second
electric potential is applied to the load beam 406 and to the
shutter 404. The first and second electric potentials may be of
the same polarity or they may be of opposite polarities. They
also may have the same magnitude or they may have different
magnitudes. Either potential may also be set to ground. In
order for the shutter assembly to actuate (i.e., for the shutter to
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change its position) the difference between the first and sec-
ond potentials must equal or exceed an actuation threshold
voltage V..

In most embodiments, V , is reached by applying voltages
of substantially different magnitudes to the selected drive
beam and the load beam. For example, assuming V ,, is 40V,
the display apparatus 100 may apply 30V to the drive beam
and -10V to the load beam, resulting in a potential difference
ot 40V. For purposes of controlling power dissipation, how-
ever, it is also important to consider and control the absolute
voltage applied to each electrode with respect to the ground or
package potential of the display. The power required to apply
electric potentials to an array of actuators is proportional to
the capacitance seen by the voltage source (P=14 fCV?),
where f'is the frequency of the drive signal, V is the voltage of
the source and C is the total capacitance seen by the source.
The total capacitance has several additive components,
including the capacitance that exists between the load beam
and drive beam, the source-drain capacitance of transistors
along an interconnect line between the voltage source and the
actuator (particularly for those transistors whose gates are
closed), the capacitance between the interconnect line and its
surroundings, including neighboring shutter assemblies and/
or crossover lines, and the capacitance between the load or
drive beams and their surroundings, including neighboring
shutter assemblies or the display package. Since the load
beam 406 is electrically coupled to the shutter 404, the
capacitance of the load beam 406 includes the capacitance of
the shutter 404. Since the shutter comprises typically a large
fraction of area of the pixel, the capacitance between the load
beam and its surroundings can represent a significant fraction
of the total capacitance seen by the voltage source. Further-
more, because of the difference in area of the combined load
beam 406 and shutter 404 and the area of the drive beam 408
is significant, the capacitance between the load beam and its
surroundings is typically much larger than that between the
drive beam and its surroundings. As a result, the CV? power
loss experienced by voltage sources connected to either the
drive or the load beams will be significantly different even if
the range of their voltage excursions were to be the same. For
this reason, it is generally advantageous to connect the higher
capacitance end of the actuator, i.e., the load beam, to a
voltage source that either does not change in voltage signifi-
cantly with respect to ground or package potential, or to a
voltage source that does not change voltage with the highest
frequencies required by the drive system. For example, ifa 40
volt difference is required between the load beam 406 and the
drive beam 408 to actuate the actuator, it will be advantageous
if the voltage difference between the drive beam and the
ground or case potential represents at least half if not most of
the 40 volts.

The dashed line overlaid on the shutter assembly array 400
depicts the bounds of a single pixel 410. The pixel 410
includes two shutter assemblies 402, each of which may be
independently controlled. By having two shutter assemblies
402 per pixel 410, a display apparatus incorporating the shut-
ter assembly array 400 can provide three levels of gray scale
per pixel using area division gray scale. More particularly, the
pixel could be driven into the following states: both shutter
assemblies closed; one shutter assembly opened and one
shutter assembly closed; or both shutter assemblies open.
Thus, the resulting image pixel can be off, at half brightness,
or at full brightness. By having each shutter assembly 402 in
the pixel 410 have different sized apertures, a display appa-
ratus could provide yet another level of gray scale using only
area division gray scale. The shutter assemblies 200, 300 and
402 of FIGS. 2, 3 and 4A can be made bi-stable. That is, the
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shutters can exist in at least two equilibrium positions (e.g.
open or closed) with little or no power required to hold them
in either position. More particularly, the shutter assembly 300
can be mechanically bi-stable. Once the shutter of the shutter
assembly 300 is set in position, no electrical energy or hold-
ing voltage is required to maintain that position. The
mechanical stresses on the physical elements of the shutter
assembly 300 can hold the shutter in place.

The shutter assemblies 200, 300, and 402 can also be made
electrically bi-stable. In an electrically bi-stable shutter
assembly, there exists a range of voltages below the actuation
voltage of the shutter assembly, which if applied to a closed
actuator (with the shutter being either open or closed), hold
the actuator closed and the shutter in position, even if an
opposing force is exerted on the shutter. The opposing force
may be exerted by a spring attached to an opposite end of the
shutter, such as spring 207 in shutter assembly 200, or the
opposing force may be exerted by an opposing actuator. The
minimum voltage needed to maintain a shutter’s position
against such an opposing force is referred to as a maintenance
voltage V,,,.

Electrical bi-stability arises from the fact that the electro-
static force across an actuator is a strong function of position
as well as voltage. The beams of the actuators in the shutter
assemblies 200, 300, and 402 act as capacitor plates. The
force between capacitor plates is proportional to 1/d* where d
is the local separation distance between capacitor plates. In a
closed actuator, the local separation between actuator beams
is very small. Thus, the application of a small voltage can
result in a relatively strong force between the actuator beams.
As aresult, arelatively small voltage, suchas V, , cankeep the
actuator closed, even if other elements exert an opposing
force on the actuator.

In shutter assemblies, such as 300, that provide for two
separately controllable actuators (for the purpose of opening
and closing the shutter respectively), the equilibrium position
of'the shutter will be determined by the combined effect of the
voltage differences across each of the actuators. In other
words, the electrical potentials of all three terminals (the
shutter open drive beam, the shutter close drive beam, and the
shutter/load beams), as well as shutter position, must be con-
sidered to determine the equilibrium forces on the shutter.

For an electrically bi-stable system, a set of logic rules can
describe the stable states, and can be used to develop reliable
addressing or digital control schemes for the shutter. These
logic rules are as follows:

Let V, be the electrical potential on the shutter or load
beam. Let V be the electrical potential on the shutter-open
drive beam. Let V_ be the electrical potential on the shutter-
close drive beam. Let the expression /V -V / refer to the
absolute value of the voltage difference between the shutter
and the shutter-open drive beam. Let V , be the maintenance
voltage. Let V, be the actuation threshold voltage, i.e., the
voltage necessary to actuate an actuator absent the application
of'V,, to an opposing drive beam. Let V,,_be the maximum
allowable potential for V,and V_. Let V,<V_, <V, . Then,
assuming V, and V_remain belowV,, -

LIV -V /<V  and [V -V <V,

Then the shutter will relax to the equilibrium position of'its

mechanical spring.

2.1V -V />V and /V -V />V

Then the shutter will not move, i.e. it will hold in either the

open or the closed state, whichever position was estab-
lished by the last actuation event.

3.1V, -V />V  and IV -V <V,

Then the shutter will move into the open position.

4.1f/V -V <V  and /V -V />V ,

Then the shutter will move into the closed position.
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Following rule 1, with voltage differences on each actuator
near to zero, the shutter will relax. In many shutter assemblies
the mechanically relaxed position is only partially open or
closed, and so this voltage condition is preferably avoided in
an addressing scheme.

The condition of rule 2 makes it possible to include a global
actuation function into an addressing scheme. By maintain-
ing a shutter voltage which provides beam voltage differences
that are at least the maintenance voltage, the absolute values
of'the shutter open and shutter closed potentials can be altered
or switched in the midst of an addressing sequence over wide
voltage ranges (even where voltage differences exceed V)
with no danger of unintentional shutter motion.

The condition of rules 3 and 4 are those that are generally
targeted during the addressing sequence to ensure the bi-
stable actuation of the shutter.

The maintenance voltage difference, V,,, can be designed
or expressed as a certain fraction of the actuation threshold
voltage, V,,,. For systems designed for a useful degree of
bi-stability the maintenance voltage can exist in a range
between 20% and 80% of V. This helps ensure that charge
leakage or parasitic voltage fluctuations in the system do not
result in a deviation of a set holding voltage out of its main-
tenance range—a deviation which could result in the unin-
tentional actuation of a shutter. In some systems an excep-
tional degree of bi-stability or hysteresis can be provided,
with V,, existing over a range of 2% to 98% of V. In these
systems, however, care must be taken to ensure that an elec-
trode voltage condition of V<V, can be reliably obtained
within the addressing and actuation time available.
Alternative MEMS-Based Light Modulators

The control matrices described herein are not limited to
controlling shutter-based MEMS light modulators, such as
the light modulators described above. For example, FIG. 4B
is a cross sectional view of a light tap-based light modulator
450, suitable for inclusion in various ones of the control
matrices described below. As described further in U.S. Pat.
No. 5,771,321, entitled “Micromechanical Optical Switch
and Flat Panel Display,” the entirety of which is incorporated
herein by reference, a light tap works according to a principle
of frustrated total internal reflection. That is, light 452 is
introduced into a light guide 454, in which, without interfer-
ence, light 452 is for the most part unable to escape the light
guide 454 through its front or rear surfaces due to total inter-
nal reflection. The light tap 450 includes a tap element 456
that has a sufficiently high index of refraction that, in response
to the tap element 456 contacting the light guide 454, light
452 impinging on the surface of the light guide adjacent the
tap element 456 escapes the light guide 454 through the tap
element 458 towards a viewer, thereby contributing to the
formation of an image.

In one embodiment, the tap element 456 is formed as part
of'beam 458 of flexible, transparent material. Electrodes 460
coat portions one side of the beam 458. Opposing electrodes
460 are disposed on a cover plate 464 positioned adjacent the
layer 458 on the opposite side of the light guide 454. By
applying a voltage across the electrodes 460, the position of
the tap element 456 relative to the light guide 454 can be
controlled to selectively extract light 452 from the light guide
454.

The light tap 450 is only one example of a non-shutter-
based MEMS modulator suitable for control by the control
matrices described herein. Other forms of non-shutter-based
MEMS modulators could likewise be controlled by various
ones of the control matrices described herein without depart-
ing from the scope of the invention.
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FIG. 4C is a cross sectional view of a second illustrative
non-shutter-based light modulator suitable for inclusion in
various embodiments of the invention Specifically, FIG. 4C is
a cross sectional view of an electrowetting-based light modu-
lation array 470. The light modulation array 470 includes a
plurality of electrowetting-based light modulation cells 472a-
472d (generally “cells 472”) formed on an optical cavity 474.
The light modulation array 470 also includes a set of color
filters 476 corresponding to the cells 472.

Each cell 472 includes alayer of water (or other transparent
conductive or polar fluid) 478, a layer of light absorbing oil
480, a transparent electrode 482 (made, for example, from
indium-tin oxide) and an insulating layer 484 positioned
between the layer of light absorbing oil 480 and the transpar-
ent electrode 482. Illustrative implementation of such cells
are described further in U.S. Patent Application Publication
No. 2005/0104804, published May 19, 2005 and entitled
“Display Device.” In the embodiment described herein, the
electrode takes up a portion of a rear surface of a cell 472.

The remainder of the rear surface of a cell 472 is formed
from a reflective aperture layer 486 that forms the front sur-
face of the optical cavity 474. The reflective aperture layer
486 is formed from a reflective material, such as a reflective
metal or a stack of thin films forming a dielectric mirror. For
each cell 472, an aperture is formed in the reflective aperture
layer 486 to allow light to pass through. The electrode 482 for
the cell is deposited in the aperture and over the material
forming the reflective aperture layer 486, separated by
another dielectric layer.

The remainder of the optical cavity 474 includes a light
guide 488 positioned proximate the reflective aperture layer
486, and a second reflective layer 490 on a side of the light
guide 488 opposite the reflective aperture layer 486. A series
of light redirectors 491 are formed on the rear surface of the
light guide, proximate the second reflective layer. The light
redirectors 491 may be either diffuse or specular reflectors.
One of more light sources 492 inject light 494 into the light
guide 488.

In an alternative implementation, an additional transparent
substrate is positioned between the light guide 490 and the
light modulation array 470. In this implementation, the
reflective aperture layer 486 is formed on the additional trans-
parent substrate instead of on the surface of the light guide
490.

Inoperation, application of a voltage to the electrode 482 of
acell (for example, cell 4725 or 472¢) causes the light absorb-
ing oil 480 in the cell to collect in one portion of the cell 472.
As a result, the light absorbing oil 480 no longer obstructs the
passage of light through the aperture formed in the reflective
aperture layer 486 (see, for example, cells 4725 and 472¢).
Light escaping the backlight at the aperture is then able to
escape through the cell and through a corresponding color
(forexample, red, green, or blue) filter in the set of color filters
476 to form a color pixel in an image. When the electrode 482
is grounded, the light absorbing oil 480 covers the aperture in
the reflective aperture layer 486, absorbing any light 494
attempting to pass through it.

The area under which oil 480 collects when a voltage is
applied to the cell 472 constitutes wasted space in relation to
forming an image. This area cannot pass light through,
whether a voltage is applied or not, and therefore, without the
inclusion of the reflective portions of reflective apertures
layer 486, would absorb light that otherwise could be used to
contribute to the formation of an image. However, with the
inclusion of the reflective aperture layer 486, this light, which
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otherwise would have been absorbed, is reflected back into
the light guide 490 for future escape through a different
aperture.
Control Matrices and Methods of Operation Thereof

FIG. 5A is a conceptual diagram of a control matrix 500
suitable for inclusion in the display apparatus 100 for
addressing an array of pixels. FIG. 5B is an isometric view of
a portion of an array of pixels including the control matrix
500. Each pixel 501 includes an elastic shutter assembly 502,
such as shutter assembly 200, controlled by an actuator 503.

The control matrix 500 is fabricated as a diffused or thin-
film-deposited electrical circuit on the surface of a substrate
504 on which the shutter assemblies 502 are formed. The
control matrix 500 includes a scan-line interconnect 506 for
each row of pixels 501 in the control matrix 500 and a data-
interconnect 508 for each column of pixels 501 in the control
matrix 500. Each scan-line interconnect 506 electrically con-
nects a write-enabling voltage source 507 to the pixels 501 in
a corresponding row of pixels 501. Each data interconnect
508 electrically connects an data voltage source, (“Vd
source”) 509 to the pixels 501 in a corresponding column of
pixels. In control matrix 500, the data voltage V , provides the
majority of the energy necessary for actuation. Thus, the data
voltage source 509 also serves as an actuation voltage source.

For each pixel 501 or for each shutter assembly in the array,
the control matrix 500 includes a transistor 510 and a capaci-
tor 512. The gate of each transistor is electrically connected to
the scan-line interconnect 506 of the row in the array in which
the pixel 501 is located. The source of each transistor 510 is
electrically connected to its corresponding data interconnect
508. The shutter assembly 502 includes an actuator with two
electrodes. The two electrodes have significantly different
capacitances with respect to the surroundings. The transistor
connects the data interconnect 508 to the actuator electrode
having the lower capacitance. More particularly the drain of
each transistor 510 is electrically connected in parallel to one
electrode of the corresponding capacitor 512 and to the lower
capacitance electrode of the actuator. The other electrode of
the capacitor 512 and the higher capacitance electrode of the
actuator in shutter assembly 502 are connected to a common
or ground potential. In operation, to form an image, the con-
trol matrix 500 write-enables each row in the array in
sequence by applying V.. to each scan-line interconnect 506
in turn. For a write-enabled row, the application of V__ to the
gates of' the transistors 510 of the pixels 501 in the row allows
the flow of current through the data interconnects 508 through
the transistors to apply a potential to the actuator of the shutter
assembly 502. While the row is write-enabled, data voltages
V , are selectively applied to the data interconnects 508. In
implementations providing analog gray scale, the data volt-
age applied to each data interconnect 508 is varied in relation
to the desired brightness of the pixel 501 located at the inter-
section of the write-enabled scan-line interconnect 506 and
the data interconnect 508. In implementations providing digi-
tal control schemes, the data voltage is selected to be either a
relatively low magnitude voltage (i.e., a voltage near ground)
or to meet or exceed V ,, (the actuation threshold voltage). In
response to the application of V , to a data interconnect 508,
the actuator in the corresponding shutter assembly 502 actu-
ates, opening the shutter in that shutter assembly 502. The
voltage applied to the data interconnect 508 remains stored in
the capacitor 512 of the pixel even after the control matrix 500
ceases to apply V, to a row. It is not necessary, therefore, to
wait and hold the voltage V. on a row for times long enough
for the shutter assembly 502 to actuate; such actuation can
proceed after the write-enabling voltage has been removed
from the row. The voltage in the capacitors 510 in a row
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remain substantially stored until an entire video frame is
written, and in some implementations until new data is writ-
ten to the row.

The control matrix 500 can be manufactured through use of
the following sequence of processing steps:

First an aperture layer 550 is formed on a substrate 504. If
the substrate 504 is opaque, such as silicon, then the substrate
504 serves as the aperture layer 550, and aperture holes 554
are formed in the substrate 504 by etching an array of holes
through the substrate 504. If the substrate 504 is transparent,
such as glass, then the aperture layer 550 may be formed from
the deposition of a light blocking layer on the substrate 504
and etching of the light blocking layer into an array of holes.
The aperture holes 554 can be generally circular, elliptical,
polygonal, serpentine, or irregular in shape. As described in
U.S. patent application Ser. No. 11/218,690, filed on Sep. 2,
2005, if the light blocking layer is also made of a reflective
material, such as a metal, then the aperture layer 550 can act
as a mirror surface which recycles non-transmitted light back
into an attached backlight for increased optical efficiency.
Reflective metal films appropriate for providing light recy-
cling can be formed by a number of vapor deposition tech-
niques including sputtering, evaporation, ion plating, laser
ablation, or chemical vapor deposition. Metals that are effec-
tive for this reflective application include, without limitation,
Al Cr, Au, Ag, Cu, Ni, Ta, Ti, Nd, Nb, Si, Mo and/or alloys
thereof. Thicknesses in the range of 30 nm to 1000 nm are
sufficient.

Second, an intermetal dielectric layer is deposited in blan-
ket fashion over the top of the aperture layer metal 550.

Third, a first conducting layer is deposited and patterned on
the substrate. This conductive layer can be patterned into the
conductive traces of the scan-line interconnect 506. Any of
the metals listed above, or conducting oxides such as indium
tin oxide, can have sufficiently low resistivity for this appli-
cation. A portion of the scan line interconnect 506 in each
pixel is positioned to so as to form the gate of a transistor 510.

Fourth, another intermetal dielectric layer is deposited in
blanket fashion over the top of the first layer of conductive
interconnects, including that portion that forms the gate of the
transistor 510. Intermetal dielectrics sufficient for this pur-
pose include SiO,, Si;N,, and Al,O; with thicknesses in the
range of 30 nm to 1000 nm.

Fifth, a layer of amorphous silicon is deposited on top of
the intermetal dielectric and then patterned to form the
source, drain and channel regions of a thin film transistor
active layer. Alternatively this semiconducting material can
be polycrystalline silicon.

Sixth, a second conducting layer is deposited and patterned
on top of the amorphous silicon. This conductive layer can be
patterned into the conductive traces of the data interconnect
508. The same metals and/or conducting oxides can be used
as listed above. Portions of the second conducting layer can
also be used to form contacts to the source and drain regions
of the transistor 510.

Capacitor structures such as capacitor 512 can be built as
plates formed in the first and second conducting layers with
the intervening dielectric material.

Seventh, a passivating dielectric is deposited over the top of
the second conducting layer.

Eighth, a sacrificial mechanical layer is deposited over the
top of the passivation layer. Vias are opened into both the
sacrificial layer and the passivation layer such that subsequent
MEMS shutter layers can make electrical contact and
mechanical attachment to the conducting layers below.

Ninth, a MEMS shutter layer is deposited and patterned on
top of the sacrificial layer. The MEMS shutter layer is pat-
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terned with shutters 502 as well as actuators 503 and is
anchored to the substrate 504 through vias that are patterned
into the sacrificial layer. The pattern of the shutter 502 is
aligned to the pattern of the aperture holes 554 that were
formed in the first aperture layer 550. The MEMS shutter
layer may be composed of a deposited metal, such as Au, Cr
or Ni, or a deposited semiconductor, such as polycrystalline
silicon or amorphous silicon, with thicknesses in the range of
300 nanometers to 10 microns.

Tenth, the sacrificial layer is removed such that compo-
nents of the MEMS shutter layer become free to move in
response to voltages that are applied across the actuators 503.

Eleventh, the sidewalls of the actuator 503 electrodes are
coated with a dielectric material to prevent shorting between
electrodes with opposing voltages.

Many variations on the above process are possible. For
instance the reflective aperture layer 550 of step 1 can be
combined into the first conducting layer. Gaps are patterned
into this conducting layer to provide for electrically conduc-
tive traces within the layer, while most of the pixel area
remains covered with a reflective metal. In another embodi-
ment, the transistor 510 source and drain terminals can be
placed on the first conducting layer while the gate terminals
are formed in the second conducting layer. In another
embodiment the semiconducting amorphous or polycrystal-
line silicon is placed directly below each of the first and
second conducting layers. In this embodiment vias can be
patterned into the intermetal dielectric so that metal contacts
can be made to the underlying semiconducting layer.

In an alternative implementation, the shutter assembly 502,
along with the control matrix 500, can be fabricated on a
separate substrate from the one on which the aperture layer
550 is formed. In such an implementation, the substrate on
which the control matrix 500 and shutter assembly 500 are
formed is aligned with the substrate 504 on which the aperture
layer 550 is formed such that the shutters align with their
corresponding aperture holes 554.

FIG. 6 is a diagram of a second control matrix 600 suitable
for inclusion in the display apparatus 100 for addressing an
array of pixels 602. The pixels 602 in the control matrix 600
forgo the use of a transistor and capacitor, as are included in
control matrix 500, in favor of a metal-insulator-metal
(“MIM”) diode 604. The control matrix 600 includes a scan-
line interconnect 606 for each row of pixels 602 in the control
matrix 600 and a data interconnect 607 for each column of
pixels in the control matrix 600. Each scan-line interconnect
606 electrically connects to one terminal of the MIM diode
604 of each pixel 602 in its corresponding row of pixels 602.
The other terminal of the MIM diode 604 in a pixel 602
electrically connects to one of the two electrodes of a shutter
assembly 608, such as shutter assembly 200, in the pixel 602.

In operation the MIM diode 604 acts as a non-linear switch
element which prevents current from flowing to the shutter
assembly 609 unless the voltage presented between the scan
line interconnect 606 and the data line interconnect 607
exceeds a threshold voltage V... Therefore, if voltage
pulses provided by the data line interconnect 607 do not
exceedV .., such data pulses will not effect that actuation of
shutter assemblies 608 connected along the data line. If, how-
ever, a write-enabling voltage V., is applied to a scan line
interconnect 606 such that a voltage difference in excess of
V siode appears between the scan line interconnect 606 and any
of the several data line interconnects 607 that cross the scan
line interconnect 606, then the shutters at the intersection of
the that scan line interconnect 606 and those data line inter-
connects 607 will receive their charge and can be actuated. In
implementations providing analog gray scale, the data volt-
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age applied to each data interconnect 607 is varied in relation
to the desired brightness of the pixel 602 located at the inter-
section of the write-enabled scan-line interconnect 606 and
the data interconnect 607. In implementations providing a
digital control schemes, the data voltage is selected to be
either close to V,, (i.e., such that little or no current flows
through the diode 604) or high enough such thatV, -V, ..
will meet or exceed V, (the actuation threshold voltage).

In other implementations the MIM diode 604 can be placed
between the shutter assembly 608 and the data line intercon-
nect 607. The method of operation is the same as described
above. In other implementations, two MIM diodes are
employed, each connected to a separate and adjacent scan
line. One electrode of the shutter assembly is connected to
each of the MIM diodes on the side opposite of their respec-
tive scan lines such that the voltage appearing on the shutter
electrode is almost V2 of the voltage difference between the
two scan lines. In this fashion it is easier to fix the potential of
one of the electrodes of the actuator to a known zero or
common potential.

The two electrodes of the shutter assembly 608 in the pixel
602 have significantly different capacitances with respect to
the ground or case potential. Of these two electrodes, the
higher capacitance electrode is preferably connected to the
scan line interconnect 606 (optionally, as shown, with a diode
connected between shutter 608 and the scan line interconnect
606), since the scan line typically requires smaller voltage
changes (with respect to ground) than are typically required
of the data line interconnect 607. The data interconnect 607
electrically connects to the lower-capacitance electrode of the
shutter assembly 608.

FIG. 7 is a diagram of a third control matrix 700 for con-
trolling pixels 702 incorporating shutter assemblies 703 with
both open and close actuators, such as shutter assemblies 300
and 402. The control matrix 700 includes scan-line intercon-
nect 704 per row of pixels 702 in the control matrix 700 and
two data interconnects 706a and 7065 addressing each col-
umn of pixels 702 in the control matrix 700. One of the data
interconnects is a shutter-open interconnect 706a and the
other data interconnect is a shutter-close interconnect 7065.

For a given pixel 702 in the control matrix 700, the pixel
702 includes two transistor-capacitor pairs, one pair for each
data-interconnect 706a and 7065 addressing the pixel. The
gates of both transistors in the pixel 702 electrically couple to
the scan-line interconnect 704 corresponding to the row of the
control matrix 700 in which the pixel 702 is located. The
source of one of the transistors, the shutter-open transistor
708a, electrically connects to the shutter-open data-intercon-
nect 706a of the column in which the pixel 702 is located. The
drain of the shutter-open transistor 708a electrically con-
nects, in parallel, to one electrode of one of the capacitors, the
shutter-open capacitor 710q, and to one electrode of the shut-
ter-open actuator of the shutter assembly 703 of the pixel. The
other electrode of the shutter-open capacitor 710q electrically
connects to ground or to a bias interconnect set to a common
voltage among the pixels 702.

Similarly, the source of the other transistor in the pixel 702,
the shutter-close transistor 7084, electrically connects to the
shutter-close data interconnect 7065 of the column in which
the pixel 702 is located. The drain of the shutter-close tran-
sistor 7085 electrically connects, in parallel, to the other of the
capacitors in the pixel, the shutter-close capacitor 7105, and
to one of the electrodes of the shutter-close actuator of the
shutter assembly 703.

Both the shutter-open actuator and the shutter-close actua-
tor of the shutter assembly 703 include two electrodes. One
electrode in each actuator has a significantly higher capaci-
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tance than the other. The drains of the shutter-open and the
shutter-close transistors electrically connect to the lower-
capacitance electrodes of their corresponding actuators. The
ground or bias interconnect, if any, electrically connects to the
higher-capacitance electrode.

The control matrix of FIG. 7 employs n-channel transis-
tors. Other embodiments are possible that employ p-channel
MOS ftransistors. In other implementations, the transistors
708a and 7085 can be replaced by MIM diodes or other
non-linear circuit elements or switches. In other implemen-
tations the capacitors 710a and 71056 can be removed alto-
gether, their function replaced by the effective capacitance of
the shutter-open and shutter-closed actuators.

Inthe case where multiple shutters are to be actuated within
each pixel, a separate pair of shutter-open data interconnects
and shutter-closed data interconnects, along with associated
transistors and capacitors, can be provided for each shutter
within the pixel.

FIG. 8 is flow chart of a method 800 of addressing the
pixels 702 controlled by the control matrix 700 of FIG. 7 to
form an image frame. The steps carried out to address a single
image frame are referred to collectively as a “frame address-
ing cycle.” The method begins by write-enabling the first scan
line in the display (step 802). To do so, the control matrix 700
applies V., (e.g., +45V for nMOS transistors or -45V for
pMOS transistors), to the scan line interconnect 704 in the
control matrix 700 corresponding to the first row in the con-
trol matrix and grounds the other scan-line interconnects 704.

The control matrix 700 then writes data to each pixel 702 in
the write-enabled scan line (decision block 804 to step 812).
The data corresponds to the desired states of the shutter
assemblies 703 in those pixels 702. For ease of understand-
ing, the data writing process (decision block 804 to step 812)
is described below in relation to a single pixel 702 in a
selected column in the write-enabled scan line. At the same
time data is written to this single pixel 702, the control matrix
700 also writes data in the same fashion to the remaining
pixels 702 in the write-enabled scan line.

To write data to a pixel 702 at the intersection of a selected
column of the control matrix 700 and the write-enabled scan
line first, at decision block 804, it is determined if the shutter
assembly 703 in question is to be open in the next image frame
orclosed. Ifthe shutter assembly 703 is to be open, the control
matrix 700 applies a data voltage, V, to the shutter-open
interconnect 706a of the selected column (step 806). V, is
selected to raise the voltage across the electrodes of the shut-
ter-open actuator in the shutter assembly 703 to equal or
exceed the voltage necessary for actuation, V,,,. At about the
same time that the control matrix 700 applies V ; to the shut-
ter-open interconnect 7064 of the selected column (step 806),
the control matrix 700 grounds the shutter-close interconnect
7065 of the column (step 808).

If, at decision block 804, it is determined that the shutter
assembly 703 is to be closed, the control matrix 700 applies
the data voltage V, to the shutter-close interconnect 7065
(step 810) and grounds the shutter-open interconnect 706a of
the column (step 812). Once the voltage across the electrodes
of the desired actuator builds up to V,,, the actuator, if not
previously in the desired position, actuates (step 814), mov-
ing the shutter in the shutter assembly 703 to the desired
position.

After the data is written to the pixels 702 in the scan line in
steps 806-812, the control matrix 700 grounds the scan-line
interconnect 704 (step 814) and write-enables the next scan
line (step 816). The process repeats until all pixels 702 in the
control matrix 700 are addressed. In one implementation,
before addressing the first scan line in the control matrix 700,
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a backlight to which the control matrix is affixed is turned off.
Then, after all scan lines in the control matrix 700 have been
addressed, the backlight is turned back on. Synchronizing the
switching of the backlight off and on with the beginning and
end of a period during which a frame is addressed improves
the color purity of the resultant image since then the backlight
is on only when all pixels are already set to their correct image
state.

An actuation event is determined by noting the voltage
differences that appear across the shutter-open actuator and
the shutter closed actuator. For consistent actuation, generally
one of these voltage differences will be kept close to zero, or
at least below a certain maintenance voltage V,,, while the
absolute value of the other voltage difference will exceed the
actuation voltage. Consistent with the actuation conditions
described with respect to FIGS. 2, 3, and 4A, the polarities of
applied voltages, such as V,, can be either negative or posi-
tive, and the voltage applied to the common potential (indi-
cated as “ground” in FI1G. 7 or at step 812), can be any voltage
either positive or negative.

In some implementations, it is advantageous to periodi-
cally or occasionally reverse the sign of the voltages that
appear across the actuators of shutter assembly 703 without
otherwise altering the method 800 of addressing the pixels. In
one case, polarity reversal can be accomplished by maintain-
ing the common electrode of all shutters 703 at a potential
close to zero while reversing the polarity of the data voltage,
V ;. In another case polarity reversal can be accomplished by
setting the common voltage to V... where V. is
equal to or greater than V,, and then providing a voltage
source such that the data voltage either alternates between
V common a0d 2%V or between zero and V. ,,on-

Similar advantageous use of polarity reversals and the use
of non-zero common voltages can be applied to the control
matrices 500 and 600.

The flow chart of method 800 is drawn for the case where
only digital information is written into an image frame, i.e.
where the shutters are intended to be either open or closed. A
similar method of image frame addressing can be employed
for the provision of gray scale images built upon loading
analog data through data interconnects 706a and 70654. In this
case, intermediate voltages are intended to produce only par-
tial openings of the shutters 703. The voltages applied across
the shutter-open actuators will tend to move the shutters in
directions opposite to the motion induced by voltages across
the shutter-closed actuators. There will exist, however, pairs
of complementary voltages that, when applied simulta-
neously across these two actuators, will result in controlled
and pre-determined states of partial shutter opening.

The complementary nature of the voltages supplied to
either the shutter-open interconnect 706a or the shutter-
closed interconnect 7065 can be used to advantage if the
voltage source electronics are also designed with capability
for charge recycling. Taking as an example method 800,
which is designed for the loading of digital information to the
image frame: voltages loaded into the interconnects at steps
806 or 810 are complementary. That s, ifV ;is loaded into one
of the interconnects, then the other interconnect is usually
grounded. Changing the state of the shutter assembly 703
(e.g. from closed to open) is conceptually, then, a matter of
transferring the charge stored on one actuator over to its
opposing actuator. If the energy lost on each of these transi-
tions is Q*V ,, where Q is the charge stored on an actuator,
then considerable power savings can be derived if the stored
charge is not simply dissipated as waste energy in the voltage
source electronics at each transition but is instead recycled for
use on the other actuator. While complete charge recycling is
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difficult, methods for partial recycling are available. For
example, the frame addressing method 800 can provide a step
where the data line interconnects 706a and 7065 are shorted
together within the voltage source electronics for a brief
period between steps 802 and 804. For the brief period in
which these interconnects are shorted they will share the
stored charge, so at least a fraction of the previous charge
becomes available on whichever of the data line interconnects
is to be brought back into its fully charged state.

FIG. 9 is another illustrative control matrix 900 suitable for
addressing an array of pixels in display device 100. The
control matrix 900 is similar to the control matrix 700. That is,
the control matrix 900 includes a scan-line interconnect 904
for each row of pixels in the control matrix 900 and two data
interconnects, a shutter-open interconnect 9064 and a shutter-
close interconnect 9065, for each column of pixels 902 in the
control matrix. In addition, each pixel in the control matrix
900 includes a shutter open-transistor (or optionally a diode
or varistor) 908a, a shutter-close transistor (or optionally a
diode or varistor) 9085, a shutter-open capacitor 910q, a
shutter-close actuator 9105, and a shutter assembly 912. The
shutter assembly is either mechanically and/or electrically
bi-stable. The control matrix 900, however, includes an addi-
tional controllable interconnect, a global actuation intercon-
nect 914. The global actuation interconnect 914 substantially
simultaneously provides about the same voltage (a “common
voltage”) to pixels 902 in at least two rows and two columns
of the control matrix 900. In one implementation, the global
actuation interconnect 914 provides a common voltage to all
pixels 902 in the control matrix 900. The higher capacitance
electrode of the actuators of the shutter assemblies 912 in
each pixel 902 in the control matrix 900 electrically connect
to the global actuation interconnect 914 instead of to ground.

The inclusion of the global actuation interconnect 914
enables the near simultaneous actuation of pixels 902 in mul-
tiple rows of the control matrix 900. As a result, all actuators
that actuate to set a given image frame (e.g., all shutters that
move) can be actuated at the same time, as opposed to a row
by row actuation method as described in method 800. The use
of a global actuation process temporally decouples the writ-
ing of data to a pixel 902 from the actuation the shutter
assembly 912 in the pixel 902.

The global actuation feature incorporated into the control
matrix 900 takes advantage of the bi-stability of the shutter
assemblies 912 in the control matrix 900. Actuating an elec-
trically bi-stable shutter assembly requires that two condi-
tions be satisfied simultaneously, that the absolute value of
voltage across one electrode exceeds V ,,, while the absolute
value of the voltage across the other electrode is less than a
maintenance voltage V,,,. Thus, for control matrix 900, when
avoltage in excess of V,, is applied to one actuator of a shutter
assembly 912, applying V ,, to the opposing shutter assembly
is insufficient to cause the actuator to actuate.

For example, assume that the shutter-open actuator of an
electrically bi-stable shutter assembly hasa V , 0f 40V. At the
same time, the application of 10V maintenance voltage across
the electrodes of the shutter-close actuator may keep the
shutter of the shutter assembly in a closed position even when
60V is applied across the electrodes of the shutter-open actua-
tor. If a =10V bias potential is applied between the higher-
capacitance electrodes of all shutter assemblies and ground
via the global common interconnect, while the ground poten-
tial is applied to one of the actuation electrodes, then a data
voltage of +40V can be applied to the lower-capacitance
electrodes of selected actuators in the shutter assemblies,
thereby yielding a +50V potential difference across those
actuators, without causing the actuators to actuate. Then, by
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grounding the global common interconnect, the voltage
across the electrodes of the selected actuators is reduced to
+40V while the voltage across the opposing actuator is
removed. As +40V still equals the actuation voltage of the
actuator and no maintenance voltage is keeping the opposing
actuator in position, the selected actuators all move in con-
cert. Another example is described in further detail below in
relation to FIG. 10.

FIG. 10 is flow chart of a method 1000 of addressing an
image frame using the control matrix 900 of FIG. 9. The
method begins by setting the global common interconnect
914 to a maintenance voltage V, . e.g., %2V, (step 1001) with
respect to ground. Then, the control matrix 900 write-enables
the first scan line in the display (step 1002). To do so, the
control matrix 900 applies V., e.g., +45V, to a first scan-line
interconnect 904 in the control matrix 900 and grounds the
other scan-line interconnects 904.

The control matrix 900 then writes data to each pixel 902 in
the write-enabled scan line corresponding to the desired
states of those pixels in the next image frame (decision block
1004 to step 1012). The data writing process is described
below in relation to a single pixel 902 in a selected column in
the write-enabled scan line. At the same time that data is
written to this single pixel 902, the control matrix 900 also
writes data in the same fashion to the remaining pixels 902 in
the write-enabled scan line.

To write data to a pixel 902, at decision block 1004, it is
determined if the shutter of the shutter assembly 912 in the
pixel 902 is to be in the open position in the next image frame
or in the closed position. If the shutter is to be in the open
position, the control matrix 900 applies a data voltage, V ,, to
the shutter-open interconnect of the selected column (step
1006). V, is selected such that before the application of a
global actuation voltage, v, to the global common intercon-
nect 914, the voltage across the shutter-open actuator in the
pixel 902 remains insufficient to overcome the bias applied to
the shutter-close actuator, but such that after the application
of V,, to the global common interconnect 914, the voltage
across the electrodes of the shutter-open actuator is sufficient
for the shutter-open actuator to actuate. For example, if V,
equals 40V, V,, equals 20V, and V,, equals ground, then 'V, is
selected to be greater than or equal to 40V, but less than the
potential that would overcome V. At the same time that the
control matrix 900 applies V ; to the shutter-open interconnect
906a of the selected column (step 1006), the control matrix
900 grounds the shutter-close interconnect 9065 of the col-
umn (step 1008).

Ifat decision block 1004, it is determined that the shutter is
to be in the off position, the control matrix 900 applies the
data voltage V, to the shutter-close interconnect 9065 (step
1010) and grounds the shutter-open interconnect 9064 of the
column (step 1012).

After the control matrix 900 writes data to the pixels 902 in
the write-enabled scan line in steps 1006-1012, the control
matrix 900 grounds the currently write-enabled scan-line
interconnect 904 (step 1014) and write-enables the next scan
line (step 1016). The process repeats until all pixels 902 in the
control matrix 900 are addressed (see decision block 1015).
After all pixels in the control matrix 900 are addressed (see
decision block 1015), the control matrix 900 applies the glo-
bal common voltage V_ to the global common interconnect
(step 1018), thereby resulting in a near simultaneous global
actuation of the shutter assemblies 912 in the control matrix
900. Thus, for such implementations, the global common
interconnect serves as a global actuation interconnect.

As with the method 800, the method 1000 may also include
the synchronization of a backlight with shutter actuation.
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However, by using the global actuation process described
above, the backlight can be kept on for a larger percentage of
the time a display is in operation, therefore yielding a brighter
display for the same level of driving power in a backlight. In
one embodiment, a backlight is synchronized such that it is
off when ever the shutters in one row of a control matrix are
set for one image frame while shutters in other rows of the
control matrix are set for a different image frame. In control
matrices that do not employ global actuation, for every frame
of video, the backlight is turned off during the entire data
writing process (approximately 500 microseconds to 5 milli-
seconds), as each row of pixels actuates as it is addressed. In
contrast, in control matrices using global actuation, the back-
light can remain on while the data writing process takes place
because no pixels change state until after all the data has been
written. The backlight is only turned off (if at all), during the
much shorter time beginning after the last scan line is written
to, and ending a sufficient time after the global actuation
voltage is applied for the pixels to have changed states (ap-
proximately 10 microseconds to 500 microseconds).

An actuation event in the method 1000 is determined by
noting the voltage differences that appear across the shutter-
open actuator and the shutter closed actuator. Consistent with
the actuation conditions described with respect to FIGS. 2, 3,
and 4A, the polarities of applied voltages, such as V , can be
either negative or positive, and the voltage applied to the
global common interconnect can be any voltage either posi-
tive or negative.

In other implementations it is possible to apply the method
1000 of FIG. 10 to a selected portion of a whole array of
pixels, since it may be advantageous to update different areas
or groupings of rows and columns in series. In this case a
number of different global actuation interconnects 914 could
be routed to selected portions of the array for selectively
updating and actuating different portions of the array.

In some implementations it is advantageous to periodically
or occasionally reverse the sign of the voltages that appear
across the actuators of shutter assembly 912 without other-
wise altering the method 1000 of addressing the pixels. In one
such case polarity reversal can be accomplished by reversing
the signs of most of the potentials employed in Method 1000,
with the exception of the write-enable voltage. In another
cases voltages similar to those used in Method 1000 can be
applied but with a complementary logic. Table 1 shows the
differences between the nominal voltage assignments as
described above for method 1000 and the voltages which
could be applied in order to achieve polarity reversal on the
electrodes of the shutter assemblies. In the first case, called
Polarity Reversal Method 1, the voltages which appear across
actuator electrodes are merely reversed in sign. Instead of
applying V, to the shutter-open electrode, for instance, -V,
would be applied. For the case where nMOS transistors are
employed for the transistors 908a and 9085, however, a volt-
age shift should be employed (both gate voltages shifting
down by an amount V ;). These gate voltage shifts ensure that
the nMOS transistors operate correctly with the new voltages
on the data interconnects.

TABLE 1
Polarity Polarity
Action: Reversal Reveral
“Close the Shutter” Method 1000 Method 1 Method 2
Non-Enabled Row Voltage  ground -Vy ground
Write-Enable Voltage Ve -Vi+Ve V.
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TABLE 1-continued
Polarity Polarity
Action: Reversal Reveral
“Close the Shutter” Method 1000 Method 1 Method 2
Voltage on shutter-closed v, -V, ground
interconnect
Voltage on shutter-open ground ground Vg,
interconnect
Maintenance Voltage Vo -V, Vo
Global Actuation Voltage Vg Ve Vg,
(near ground)  (near
ground)

Table 1 also shows a second method, Polarity Reversal
Method 2, which allows the use of similar voltages (without
having to reverse signs on any interconnect drivers), but still
achieves polarity reversal across all actuators. This is accom-
plished by driving the global actuation interconnect to the
higher voltage, V,, instead of toward ground as in Method
1000 in order to move selected shutters. The sequence of
voltage changes in Polarity Reversal Method 2 is similar to
that of Method 1000, except that a complementary logic is
now employed at step 1004 when assigning voltages to the
actuators of each pixel. In this Method 2, if the shutter is to be
closed, then the shutter-open interconnect would be brought
up to the potential V , while the shutter-closed interconnect
would be grounded. In this example, after the global actuation
interconnect is brought from its maintenance potential V,, up
to the actuation potential V ,, the potential across the shutter-
open actuator would be near to zero (certainly less than'V,,,),
while the potential across the shutter-closed actuator would
be -V, sufficient to actuate the shutter to the closed position
and with a polarity that is the reverse of what was applied in
Method 1000. Similarly if, at step 1004, the shutter is to be
opened then the shutter-closed interconnect would be brought
up to the potential Vd while the shutter-open interconnect is
grounded.

The control matrix 900 can alternate between the voltages
used in Method 1000 and that used with the above Polarity
Reversal Methods in every frame or on some other periodic
basis. Over time, the net potentials applied across the actua-
tors on shutter assemblies 1408 by the charge interconnect
1406 and the global actuation interconnect 1416 average out
to about OV.

Actuation methods, similar to method 1000, can also be
applied to single-sided or elastic shutter assemblies, such as
with shutter assemblies 502 in control matrix 500. Such
single-sided applications will be illustrated in conjunction
with FIG. 14 below.

FIG. 11 is a diagram of another control matrix 1100 suit-
able for inclusion in the display apparatus 100. As with con-
trol matrices 700 and 900, the control matrix 1100 includes a
series of scan-line interconnects 1104, with one scan-line
interconnect 1104 corresponding to each row of pixels 1102
in the control matrix 1100. The control matrix 1100 includes
a single data interconnect 1106 for each column of pixels
1102 in the control matrix. As such, the control matrix 1100 is
suitable for controlling elastic shutter assemblies 1108, such
as shutter assembly 200. As with actuator in shutter assembly
200, the actuators in the shutter assemblies 1108 in the control
matrix 1100 have one higher-capacitance electrode and one
lower-capacitance electrode.

In addition to the scan-line and data-interconnects 1104
and 1106, the control matrix 1100 includes a charge intercon-
nect 1110 (also labeled as V(at)) and a charge trigger inter-
connect 1112 (also labeled as C-T). The charge interconnect
11100 and the charge trigger interconnect 1112 may be
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shared among all pixels 1102 in the control matrix 1100, or
some subset thereof. For example, each column of pixels
1100 may share a common charge interconnect 1110 and a
common charge trigger interconnect 1112. The following
description assumes the incorporation of a globally shared
charge interconnect 1110 and a globally common charge
trigger interconnect 1112.

Each pixel 1102 in the control matrix 1100 includes two
transistors, a charge trigger switch transistor 1114 and a dis-
charge switch transistor 1116. The gate of the charge trigger
switch transistor 1114 is electrically connected to the charge
trigger interconnect 1112 of the control matrix 1100. The
drain of the charge trigger switch transistor 1114 is electri-
cally connected to the charge interconnect 1110. The charge
interconnect 1110 receives a DC voltage sufficient to actuate
the actuators of the shutter assembly 1108 in each pixel 1102,
absent the application of any bias voltage to the scan line
interconnect 1104. The source of the charge trigger switch
transistor 1114 is electrically connected to the lower capaci-
tance electrode of the actuator in the shutter assembly 1108 in
the pixel 1102 and to the drain of the discharge switch tran-
sistor 1116. The gate of the discharge switch transistor 1116
is electrically connected to the data interconnect 1106 of the
column of the control matrix 1100 in which the pixel 1102 is
located. The source of the discharge switch transistor 1116 is
electrically connected to the scan-line interconnect 1104 of
the row of the control matrix 1100 in which the pixel 1102 is
located. The higher-capacitance electrode of the actuator in
the shutter assembly 1108 is also electrically connected to the
scan-line interconnect 1104 of row corresponding to the
pixel. Alternately, the higher capacitance electrode can be
connected to a separate ground or common electrode.

FIG. 12 is a flow chart of a method 1200 of addressing the
pixels incorporated into a control matrix, such as control
matrix 1100, according to an illustrative embodiment of the
invention. At the beginning of a frame addressing cycle, con-
trol matrix 1100 actuates all unactuated actuators of the shut-
ter assemblies 1108 incorporated into the control matrix
1100, such that all shutter assemblies 1108 are set to the same
position (open or closed) (steps 1202-1204). To do so, the
control matrix 1100 applies a charge trigger voltage, e.g.,
45V, to the charge trigger interconnect 1112, activating the
charge trigger switch transistors 1114 of the pixels (step
1202). The electrodes of the actuators incorporated into the
shutter assemblies 1108 of the pixels 1108 serve as capacitors
for storing the voltage V , supplied over the charge intercon-
nect 1110, e.g, 40V. The control matrix 1100 continues to
apply the charge trigger voltage (step 1202) for a period of
time sufficient for all actuators to actuate, and then the control
matrix 1100 grounds the charge trigger switch transistor 1114
(step 1204). The control matrix 1100 applies a bias voltage
V,, e.g., 10V with respect to ground, to all scan-line inter-
connects 1104 in the control matrix 1100 (step 1206).

The control matrix 1100 then proceeds with the addressing
of each pixel 1102 in the control matrix, one row at a time
(steps 1208-1212). To address a particular row, the control
matrix 1100 write-enables a first scan line by grounding the
corresponding scan-line interconnect 1104 (step 1208). Then,
at decision block 1210, the control matrix 1100 determines
for each pixel 1102 in the write-enabled row whether the pixel
1102 needs to be switched out ofits initial frame position. For
example, if at step 1202, all shutters are opened, then at
decision block 1210, it is determined whether each pixel 1102
in the write-enabled row is to be closed. If a pixel 1102 is to
be closed, the control matrix 1100 applies a data voltage, for
example 5V, to the data interconnect 1106 corresponding to
the column in which that pixel 1102 is located (step 1212). As
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the scan-line interconnect 1104 for the write-enabled row is
grounded (step 1208), the application of the data voltage V ;to
the data interconnect 1106 of the column results in a potential
difference between the gate and the source of the discharge
switch transistor 1116 of the correct sign and magnitude to
open the channel of the transistor 1116. Once the channel of
transistor 1116 is opened the charge stored in the shutter
assembly actuator can be discharged to ground through the
scan line interconnect 1104. As the voltage stored in the
actuator of the shutter assembly 1108 dissipates, the restoring
force or spring in the shutter assembly 1108 forces the shutter
into its relaxed position, closing the shutter. If at decision
block 1210, it is determined that no state change is necessary
for a pixel 1102, the corresponding data interconnect 1106 is
grounded. Although the relaxed position in this example is
defined as the shutter-closed position, alternative shutter
assemblies can be provided in which the relaxed state is a
shutter-open position. In these alternative cases, the applica-
tion of data voltage V,, at step 1212, would result in the
opening of the shutter.

In other implementations it is possible to apply the method
1200 of FIG. 12 to a selected portion of the whole array of
pixels, since it may be advantageous to update different areas
or groupings of rows and columns in series. In this case a
number of different charge trigger interconnects 1112 could
be routed to selected portions of the array for selectively
updating and actuating different portions of the array.

As described above, to address the pixels 1102 in the con-
trol matrix 1100, the data voltage V , can be significantly less
than the actuation voltage V,, (e.g., 5V vs. 40V). Since the
actuation voltage V, is applied once a frame, whereas the
data voltageV ;may be applied to each data interconnect 1106
as may times per frame as there are rows in the control matrix
1100, control matrices such as control matrix 1100 may save
a substantial amount of power in comparison to control matri-
ces which require a data voltage to be high enough to also
serve as the actuation voltage.

For pixels 1102 in non-write-enabled rows, the bias voltage
V, applied to their corresponding scan-line interconnects
1104 keeps the potential at their discharge transistor 1116
sources greater than the potentials at their discharge transistor
1116 gate terminals, even when a data voltage V ;is applied to
the data interconnect 1106 of their corresponding columns. It
will be understood that the embodiment of FIG. 11 assumes
the use of n-channel MOS transistors. Other embodiments are
possible that employ p-channel transistors, in which case the
relative signs of the bias potentials V, and V,; would be
reversed.

In other embodiments the discharge switch transistor 1116
can be replaced by a set of two or more transistors, for
instance if the control matrix 1100 were to be built using
standard CMOS technology the discharge switch transistor
could be comprised of a complementary pair of nMOS and
pMOS transistors.

The method 1200 assumes digital information is written
into an image frame, i.e. where the shutters are intended to be
either open or closed. Using the circuit of control matrix
1100, however, it is also possible to write analog information
into the shutter assemblies 1108. In this case, the grounding of
the scan line interconnects is provided for only a short and
fixed amount of time and only partial voltages are applied
through the data line interconnects 1106. The application of
partial voltages to the discharge switch transistor 1116, when
operated in a linear amplification mode, allows for only the
partial discharge ofthe electrode of the shutter assembly 1108
and therefore a partial opening of the shutter.
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The control matrix 1100 selectively applies the data volt-
age to the remaining columns of the control matrix 1100 at the
same time. After all pixels have achieved their intended states
(step 1214), the control matrix 1100 reapplies V, to the
selected scan-line interconnect and selects a subsequent scan-
line interconnect (step 1216). After all scan-lines have been
addressed, the process begins again. As with the previously
described control matrices, the activity of an attached back-
light can be synchronized with the addressing of each frame.

FIG. 13 is a diagram of another control matrix 1300 suit-
able for inclusion in the display apparatus 100, according to
an illustrative embodiment of the invention. The control
matrix 1300 is similar to control matrix 1100, though pixels
1302 in the control matrix 1300 include charge diodes 1304 as
opposed to charge trigger switch transistors 1114, and the
control matrix 1300 lacks a charge trigger interconnect 1112.
More particularly, the control matrix 1300 includes one data
interconnect 1306 for each column in the control matrix 1300
and one scan-line interconnect 1308 for each row in the
control matrix 1300, and a discharge transistor 1309. The
control matrix 1300 also includes a charge interconnect 1310
(also labeled as V(at)) similar to that incorporated into control
matrix 1100.

The control matrix 1300 includes a actuation voltage
source electrically connected to the charge interconnect 1310.
The actuation voltage source supplies pulses of voltage at the
beginning of each frame addressing cycle, allowing current to
flow into the shutter assemblies 1314 of the pixels 1302 in the
control matrix 1300 and thereby actuating any unactuated
actuators in the shutter assemblies 1314. As a result, after the
voltage pulse, all of the pixels 1302 in the control matrix 1300
are in the same state, open or closed. After the voltage pulse,
when the potential of the charge interconnect 1310 has been
reset to zero, the charge diode 1304 prevents the voltage
stored in the shutter assemblies 1314 to be dissipated via the
charge interconnect 1310. The control matrix 1300 can be
controlled using a method similar to the pixel addressing
method 1200. Instead of applying a voltage to the charge
trigger interconnect 1112 at step 1202, the actuation voltage
source supplies a voltage pulse having duration and magni-
tude sufficient to open any closed shutter assemblies.

It is preferable that the higher-capacitance electrode of
shutter assemblies 1108 and 1314 be connected to the scan
line interconnects 1104 and 1308, while the lower-capaci-
tance electrode be connected through transistor 1114 or
through diode 1304 to the charge interconnects 1112 or 1310.
The voltage changes driven onto the shutter electrodes
through the charge interconnects will generally be higher in
magnitude than those experienced through the scan line inter-
connects.

FIG. 14 is a diagram of a control matrix 1400 suitable for
inclusion in the display apparatus 100. The control matrix
1400 includes the components of control matrix 1300, i.e.,
scan-line interconnects 1402, data-interconnects 1404, and a
charge interconnect 1406. The pixels 1408 in the control
matrix 1400 include a charge diode 1410, a shutter assembly
1412, and discharge transistor 1414. Control matrix 1400 also
includes a global actuation interconnect 1416 for providing
global actuation of the pixels 1408 in the control matrix 1400,
using a method similar to that described in relation to FIGS.
9 and 10. The control matrix also includes an optional capaci-
tor 1418, which is connected in parallel with the source and
drain of the discharge transistor 1414. The capacitor helps
maintain a stable voltage at one electrode of shutter assembly
1412 despite voltage changes which might be applied on the
other electrode through the global actuation interconnect
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1416 The interconnect 1416 is shared among pixels 1408 in
multiple rows and multiple columns in the array.

The global actuation interconnect, if used in a mode similar
to polarity reversal method 2 of Table 1, may be employed to
ensure a OV DC average mode of operation in addition to
providing an actuation threshold voltage. To achieve OV DC
averaging, the control matrix alternates between control log-
ics. In the first control logic, similar to that employed in the
pixel addressing method 1000 and 1200, at the beginning of a
frame addressing cycle, the control matrix 1400 opens the
shutter assemblies 1412 of all pixels in the control matrix
1400 by storing V ,, across the electrodes of the shutter assem-
bly 1412 actuator. The control matrix 1400 then applies a bias
voltage to lock the shutter assemblies 1412 in the open state.
Control matrix 1400 applies a bias voltage, e.g., 2V ,, which
is greater than V,,, via the global actuation interconnect 1416.
Then, to change the state of a shutter assembly 1412, when the
row of pixels 1408 in which the shutter assembly 1412 is
located is write-enabled, the control matrix 1400 discharges
the stored V ,, in the shutter assembly 1412. The maintenance
voltage keeps the shutter assembly 1412 open until the global
actuation interconnect 1416 is grounded.

In the second control logic, which is similar to the polarity
reversal method 2 of Table 1, instead of the control matrix
changing the voltage applied to the global actuation intercon-
nect 1416 from %2V, to ground, the control matrix changes
the voltage applied to the global actuation interconnect 1416
from ¥4V, to V,,. Thus, to release a shutter in a shutter
assembly 1412 to its relaxed state, the voltage applied via the
charge diode 1410 must be maintained, as opposed to dis-
charged. Therefore, in the second control logic, the control
matrix 1400 discharges the stored V , from shutter assemblies
that are to remain open, as opposed to those that are closed.
The control matrix 1400 can alternate between the control
logics every frame or on some other periodic basis. Over time,
the net potentials applied across the actuators of the shutter
assemblies 1408 by the charge interconnect 1406 and the
global actuation interconnect 1416 average out to OV.

FIG. 15is a diagram of still another suitable control matrix
1500 for inclusion in the display apparatus 100, according to
an illustrative embodiment of the invention. The control
matrix 1500 is similar to the control matrix 1100 of FIG. 11.
Control matrix 1500 includes a data interconnect 1502 for
each column of pixels 1504 in the control matrix 1500 and a
scan-line interconnect 1506 for each row of pixels 1504 in the
control matrix 1500. The control matrix 1500 includes a
common charge trigger interconnect 1508 and a common
charge interconnect 1510. The pixels 1504 in the control
matrix 1500 each include an elastic shutter assembly 1511, a
charge trigger switch transistor 1512 and a discharge switch
transistor 1514, as described in FIG. 11. Control matrix 1500
also incorporates a global actuation interconnect 1516 and its
corresponding functionality described in FIG. 9 in relation to
control matrix 900. Control matrix 1500 also incorporates an
optional voltage stabilizing capacitor 1517 which is con-
nected in parallel with the source and drain of discharge
switch transistor 1514.

Each pixel 1504 of control matrix 1500, also includes a
third transistor, a write-enable transistor 1518, and a data
store capacitor 1520. The scan-line interconnect 1506 for a
row of pixels 1504 connects to the gates of the write-enable
transistor 1518 incorporated into each pixel 1504 in the row.
The data interconnects 1502 for the columns of the control
matrix 1500 electrically connect to the source terminals of the
write-enable transistors 1518 of the pixels 1504 in the col-
umn. The drain of the write-enable transistors 1518 in each
pixel 1504 electrically connect in parallel to the data store
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capacitor 1520 and the gate terminal of the discharge trigger
transistor 1514 of the respective pixels 1504.

The operation of the control matrix 1500 includes elements
in common with each of the methods 1000 and 1200. At the
beginning of an frame addressing cycle, a voltage is applied to
the charge trigger interconnect 1508 and the charge intercon-
nect 1510 of the control matrix 1500 to build up a potential,
V , on one shutter assembly 1511 actuator electrode of each
pixel 1504 in the control matrix 1500 to open any closed
shutter assemblies 1511. These steps are similar to those
performed in steps 1202 and 1204 of FIG. 12. Each row is
then write-enabled in sequence, except instead of performing
the write-enable as a grounding of corresponding scan-line
interconnects as was done with respect to FIGS. 11, 13, and
14, the control matrix 1500 applies a write-enabling voltage
V,,. to the scan-line interconnect 1506 corresponding to each
row. While a particular row of pixels 1504 is write-enabled,
the control matrix 1500 applies a data voltage to each data
interconnect 1508 of the control matrix 1500 corresponding
to a column that incorporates a pixel 1502 in the write-en-
abled row that is to be closed. The application of V__ to the
scan-line interconnect 1506 for the write-enabled row turns
on the write-enable transistors 1518 of the pixels 1504 in the
corresponding scan line. The voltages applied to the data
interconnects 1502 are thereby allowed to be stored on the
data store capacitors 1520 of the respective pixels 1504.

If the voltage stored on the data store capacitor 1520 of a
pixel 1504 is sufficiently greater than ground, e.g., 5V, the
discharge switch transistor 1514 is activated, allowing the
charge applied to the corresponding shutter assembly 1511
via the charge trigger switch transistor 1514 to discharge. The
discharge of the larger voltage, V,,, stored in the shutter
assembly 1511, however, can take more time than is needed to
store the relatively small data voltage on the data store capaci-
tor 1520. By storing the data voltage on the data store capaci-
tor 1520, the discharge and the mechanical actuation process
can continue even after the control matrix 1500 grounds the
scan-line interconnect 1506, thereby isolating the charge
stored on the capacitor 1520 from its corresponding data
interconnect 1502. In contrast to the discharge process pre-
sented by the control matrices in FIGS. 11, 13, and 14, there-
fore, the control matrix 1500 regulates the discharge switch
1514 (for controlling application of the actuation voltage V
on shutter assembly 1511) by means of data voltage which is
stored on the capacitor 1520, instead of requiring real time
communication with signals on the data interconnect 1502.

In alternative implementations, the storage capacitor 1520
and write-enable transistor 1518 can be replaced with alter-
native data memory circuits, such as a DRAM or SRAM
circuits known in the art.

In contrast to the circuits shown in FIGS. 11, 13, and 14, the
charge on the electrodes of shutter assembly 1511, when
discharged, does not flow to ground by means of the scan line
interconnect that corresponds to pixel 1504. Instead the
source of the discharge switch transistor 1514 is connected to
the scan line interconnect 1522 of the pixel in the row below
it. When not write-enabled the scan line interconnects 1522 in
control matrix 1500 are held at or near to the ground potential;
they can thereby function as effective sinks for discharge
currents in neighboring rows.

The control matrix 1500 also includes the capability for
global actuation, the process or method of which is similar to
that described in FIG. 10. The shutters in discharged pixels
1504 are kept in position due to the application of a mainte-
nance voltage V. e.g., 2V _,, to the global actuation inter-
connect 1516. After all rows have been addressed, the control
matrix 1500 grounds the global actuation interconnect 1516,
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thereby releasing the shutters of all discharged shutter assem-
blies 1511 substantially in unison.

FIG. 16A is a diagram of still another suitable control
matrix 1600 for inclusion in the display apparatus 100,
according to an illustrative embodiment of the invention. The
control matrix 1600 is similar to the control matrix 1500 of
FIG. 15. Control matrix 1600 includes a data interconnect
1602 for each column of pixels 1604 in the control matrix
1600, a scan-line interconnect 1606 for each row of pixels
1604 in the control matrix 1600. The control matrix 1600
includes a common charge trigger interconnect 1608, a com-
mon charge interconnect 1610, and a global actuation inter-
connect 1612. The pixels 1604 in the control matrix 1600
each include an elastic shutter assembly 1614, a charge trig-
ger switch transistor 1616, a discharge switch transistor 1617,
awrite-enable transistor 1618, and a data store capacitor 1620
as described in FIG. 15. The control matrix 1600 also includes
a shutter common interconnect 1622 which is distinct from
the global actuation interconnect 1612. These interconnects
1612 and 1622 are shared among pixels 1604 in multiple rows
and multiple columns in the array.

In operation the control matrix 1600 performs the same
functions as those of control matrix 1500, but by different
means or methods. Most particularly, the method for accom-
plishing global actuation in control matrix 1600 is unique
from that performed in control matrices 900, 1400, or 1500.
In the previous methods, the global actuation interconnect
was connected to one electrode of the shutter assembly, and
applying a maintenance voltage V,, to it prevented shutter
actuation. In control matrix 1600, however, the global actua-
tion interconnect 1612 is connected to the source of the dis-
charge switch transistor 1617. Maintaining the global actua-
tion interconnect 1612 at a potential significantly above that
of'the shutter common interconnect 1622 prevents the turn-on
of any of the discharge switch transistors 1617, regardless of
what charge is stored on capacitor 1620. Global actuation in
control matrix 1600 is achieved by bringing the potential on
the global actuation interconnect 1612 to the same potential
as the shutter common interconnect 1622, making it possible
for those discharge switch transistors 1617s to turn-on in
accordance to the whether a data voltage has been stored on
capacitor 1620 or not. Control matrix 1600, therefore, does
not depend on electrical bi-stability in the shutter assembly
1614 in order to achieve global actuation.

Applying partial voltages to the data store capacitor 1620
allows partial turn-on of the discharge switch transistor 1617
during the time that the global actuation interconnect 1612 is
brought to its actuation potential. In this fashion, an analog
voltage is created on the shutter assembly 1614, for providing
analog gray scale.

In the control matrix 1600, in contrast to control matrix
1500, the higher-capacitance electrode of the actuators in the
shutter assemblies 1614 electrically connect to the shutter
common interconnect 1622, instead of the global actuation
interconnect 1612. In operation, the control matrix alternates
between two control logics as described in relation to control
matrix 1400 of FIG. 14. For control matrix 1600, however,
when the control matrix switches between the control logics,
the control matrix 1600 switches the voltage applied to the
shutter common interconnect 1622 to either ground or V ,,
depending on the selected control logic, instead of switching
the global actuation voltage applied to the global actuation
interconnect, as is done by control matrix 1400.

As in the control matrix 1300 of FIG. 13, a simple diode
and/or an MIM diode can be substituted for the charge trigger
transistor 1616 to perform the switching or charge loading
function for each pixel in the array.
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FIG. 16B is yet another suitable control matrix 1640 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 1640
controls an array of pixels 1642 that include elastic shutter
assemblies. The control matrix 1640 includes a single data
interconnect 1648 for each column of pixels 1642 in the
control matrix. As such, the control matrix 1640 is suitable for
controlling elastic shutter assemblies 1644, such as shutter
assembly 200. The actuators in the shutter assemblies 1644
can be made either electrically bi-stable or mechanically bi-
stable.

The control matrix 1640 includes a scan-line interconnect
1646 for each row of pixels 1642 in the control matrix 1640.
The control matrix 1640 further includes a charge intercon-
nect 1650, and a global actuation interconnect 1654, and a
shutter common interconnect 1655. These interconnects
1650, 1654 and 1655 are shared among pixels 1642 in mul-
tiple rows and multiple columns in the array. In one imple-
mentation (the one described in more detail below), the inter-
connects 1650, 1654, and 1655 are shared among all pixels
1642 in the control matrix 1640.

Each pixel 1642 in the control matrix includes a shutter
charge transistor 1656, a shutter discharge transistor 1658, a
shutter write-enable transistor 1657, and a data store capaci-
tor 1659, as described in FIGS. 16A and 19. Control matrix
1640 also incorporates an optional voltage stabilizing capaci-
tor 1652 which is connected in parallel with the source and
drain of discharge switch transistor 1658.

By comparison to control matrix 1600, the charging tran-
sistor 1656 is wired with a different circuit connection to the
charge interconnect 1650. Control matrix 1640 does not
include a charge trigger interconnect which is shared among
pixels. Instead, the gate terminals of the charging transistor
1656 are connected directly to the charge interconnect 1650,
along with the drain terminal of transistor 1656. In operation,
the charging transistors 1656 operate essentially as diodes,
they can pass a current in only 1 direction. Their function in
the charging circuit becomes equivalent to that of diode 1410
in control circuit 1400 of FIG. 14.

Atthe beginning of each frame addressing cycle the control
matrix 1640 applies a voltage pulse to the charge interconnect
1650, allowing current to flow through charging transistor
1656 and into the shutter assemblies 1644 of the pixels 1642.
After this charging pulse, each of the shutter electrodes of
shutter assemblies 1644 will be in the same voltage state.
After the voltage pulse, the potential of charge interconnect
1650 is reset to zero, and the charging transistors 1656 will
prevent the charge stored in the shutter assemblies 1644 from
being dissipated through charge interconnect 1650. The
charge interconnect 1650, in one implementation, transmits a
pulsed voltage equal to or greater than V,,, e.g., 40V.

Each row is then write-enabled in sequence, as was
described with respect to control matrix 1500 of FIG. 15.
While a particular row of pixels 1642 is write-enabled, the
control matrix 1640 applies a data voltage to the data inter-
connect 1648 corresponding to each column of pixels 1642 in
the control matrix 1640. The application of V,, to the scan-
line interconnect 1646 for the write-enabled row turns on the
write-enable transistor 1657 of the pixels 1642 in the corre-
sponding scan line. The voltages applied to the data intercon-
nect 1648 is thereby caused to be stored on the data store
capacitor 1659 of the respective pixels 1642.

In control matrix 1640 the global actuation interconnect
1654 is connected to the source of the shutter discharge
switch transistor 1658. Maintaining the global actuation
interconnect 1654 at a potential significantly above that of the
shutter common interconnect 1655 prevents the turn-on of the
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discharge switch transistor 1658, regardless of what charge is
stored on the capacitor 1659. Global actuation in control
matrix 1640 is achieved by bringing the potential on the
global actuation interconnect 1654 to ground or to substan-
tially the same potential as the shutter common interconnect
1655, enabling the discharge switch transistor 1658 to turn-on
in accordance to the whether a data voltage has been stored on
capacitor 1659. Control matrix 1640, therefore, does not
depend on electrical bi-stability in the shutter assembly 1644
in order to achieve global actuation.

Applying partial voltages to the data store capacitor 1659
allows partial turn-on of the discharge switch transistor 1658
during the time that the global actuation interconnect 1654 is
brought to its actuation potential. In this fashion, an analog
voltage is created on the shutter assembly 1644, for providing
analog gray scale.

An alternative method of addressing pixels in control
matrix 1640 is illustrated by the method 1670 shown in FIG.
16C. The method 1670 proceeds in three general steps. First
the matrix is addressed row by row by storing data into the
data store capacitors 1659. Next all actuators are actuated (or
reset) simultaneously (step 1688) be applying a voltage V , to
the charge interconnect 1650. And finally the image is set in
a global actuation step 1692 by selectively activating transis-
tors 1658 by means of the global actuation interconnect 1654.

In more detail, the frame addressing cycle of method 1670
begins when a voltage V,+is applied to the global actuation
interconnect 1654 (step 1672). The voltage V - on intercon-
nect 1654 is designed to ensure that the discharge transistor
1658 will not turn on regardless of whether a voltage has been
stored on capacitor 1659.

The control matrix 1640 then proceeds with the addressing
of each pixel 1642 in the control matrix, one row at a time
(steps 1674-1684). To address a particular row, the control
matrix 1640 write-enables a first scan line by applying a
voltage V. to the corresponding scan-line interconnect 1646
(step 1674). Then, at decision block 1676, the control matrix
1640 determines for each pixel 1642 in the write-enabled row
whether the pixel 1642 needs to be open or closed. For
example, if at the reset step 1688 all shutters are to be (tem-
porarily) closed, then at decision block 1676 it is determined
for each pixel 1642 in the write-enabled row whether or not
the pixel is to be (subsequently) opened. If a pixel 1642 is to
be opened, the control matrix 1640 applies a data voltage V ,,
for example 5V, to the data interconnect 1648 corresponding
to the column in which that pixel 1642 is located (step 1678).
The voltage V, applied to the data interconnect 1648 is
thereby caused to be stored by means of a charge on the data
store capacitor 1659 of the selected pixel 1642 (step 1679). If
at decision block 1676, it is determined that a pixel 1642 is to
be closed, the corresponding data interconnect 1648 is
grounded (step 1680). Although the relaxed position in this
example is defined as the shutter-open position, alternative
shutter assemblies can be provided in which the relaxed state
is a shutter-closed position. In these alternative cases, the
application of data voltage V , at step 1678, would result in
the closing of the shutter.

The application of V,,, to the scan-line interconnect 1646
for the write-enabled row turns on all of the write-enable
transistors 1657 for the pixels 1642 in the corresponding scan
line. The control matrix 1640 selectively applies the data
voltage to all columns of a given row in the control matrix
1640 at the same time while that row has been write-enabled.
After all data has been stored on capacitors 1659 in the
selected row (steps 1679 and 1681), the control matrix 1640
grounds the selected scan-line interconnect (step 1682) and
selects a subsequent scan-line interconnect for writing (step
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1685). After the information has been stored in the capacitors
for all the rows in control matrix 1640, the decision block
1684 is triggered to begin the global actuation sequence.

The actuation sequence begins at step 1686 of method
1670, with the application of an actuation voltage V ,,, e.g. 40
V, to the charge interconnect 1650. As a consequence of step
1686, the voltage V ,, is now imposed simultaneously across
all the actuators of all the shutter assemblies 1644 in control
matrix 1640. The control matrix 1640 continues to apply the
voltage V,, (step 1686) for a period of time sufficient for all
actuators to actuate into an initial state (step 1688). For the
example given in method 1670, step 1688 acts to reset and
close all actuators. Alternatives to the method 1670 are pos-
sible, however, in which the reset step 1688 acts to open all
shutters. At the next step 1690 the control matrix grounds the
charge interconnect 1650. A voltage, at least greater than a
maintenance voltage V,,,, remains stored across the capacitor
1652, thereby holding the shutters in position. The electrodes
on the actuators in shutter assembly 1644 provide a capaci-
tance which also stores a charge after the charge interconnect
1650 has been grounded, useful for those embodiments in
which capacitor 1652 is not included.

After all actuators have been actuated and held in their
closed position by voltage in excess of V,,, the data stored in
capacitors 1659 can now be utilized to set an image in control
matrix 1640 by selectively opening the specified shutter
assemblies (steps 1692 and 1694). First, the potential on the
global actuation interconnect 1654 is set to substantially the
same potential as the shutter common interconnect 1655 (step
1692). Step 1692 makes it possible for the discharge switch
transistor 1658 to turn-on in accordance to whether a data
voltage has been stored on capacitor 1659. For those pixels in
which a voltage has been stored on capacitor 1659, the charge
which was stored on the actuator of shutter assembly 1644 is
now allowed to dissipate through the global actuation inter-
connect 1654. At step 1694, therefore, selected shutters are
discharged through transistor 1658 and allowed to return by
means of a restoring force or spring into their relaxed posi-
tion. For the example given in method 1670, a discharge into
the relaxed position means that the selected shutter assem-
blies 1644 are placed in their open position. For pixels where
no voltage was stored on capacitor 1659, the transistor 1658
remains closed at step 1694, no discharge will occur and the
shutter assembly 1644 remains closed.

To set an image in a subsequent video frame, the process
begins again at step 1672.

In the method 1670, all of the shutters are closed simulta-
neously during the time between step 1688 and step 1694, a
time in which no image information can be presented to the
viewer. The method 1670, however, is designed to minimize
this dead time (or reset time) by making use of data store
capacitors 1659 and global actuation interconnect 1654 to
provide timing control over the transistors 1658. By the action
of step 1672, all of the data for a given image frame can be
written to the capacitors 1659 during the addressing sequence
(steps 1674-1685), without any immediate actuation effect on
the shutter assemblies. The shutter assemblies 1644 remain
locked in the positions they were assigned in the previous
image frame until addressing is complete and they are uni-
formly actuated or reset at step 1688. The global actuation
step 1692 allows the simultaneous transfer of data out of the
data store capacitors 1659 so that all shutter assemblies can be
brought into their next addressed image state at the same time.

As with the previously described control matrices, the
activity of an attached backlight can be synchronized with the
addressing of each frame. To take advantage of the minimal
dead time offered in the addressing sequence of method 1670,
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a command to turn the illumination off can be given between
step 1684 and step 1686. The illumination can then be turned-
on again after step 1694. In a field-sequential color scheme, a
lamp with one color can be turned off after step 1684 while a
lamp with either the same or a different color is turned on after
step 1694.

In other implementations it is possible to apply the method
1670 of FIG. 16C to a selected portion of the whole array of
pixels, since it may be advantageous to update different areas
or groupings of rows and columns in series. In this case a
number of different charge interconnects 1650 and global
actuation interconnects 1654 could be routed to selected por-
tions of the array for selectively updating and actuating dif-
ferent portions of the array.

As described above, to address the pixels 1642 in the con-
trol matrix 1640, the data voltage V , can be significantly less
than the actuation voltage V, (e.g., 5V vs. 40V). Since the
actuation voltage V, is applied once a frame, whereas the
data voltageV ,may be applied to each data interconnect 1648
as may times per frame as there are rows in the control matrix
1640, control matrices such as control matrix 1640 may save
a substantial amount of power in comparison to control matri-
ces which require a data voltage to be high enough to also
serve as the actuation voltage.

It will be understood that the embodiment of FIG. 16B
assumes the use of n-channel MOS transistors. Other embodi-
ments are possible that employ p-channel transistors, in
which case the relative signs of the bias potentials V ,and V ,
would be reversed.

The method 1670 assumes digital information is written
into an image frame, i.e. where the shutters are intended to be
either open or closed. Using the circuit of control matrix
1640, however, it is also possible to write analog information
into the shutter assemblies 1644. In this case, the grounding of
the scan line interconnects is provided for only a short and
fixed amount of time and only partial voltages are applied
through the data line interconnects 1648. The application of
partial voltages to the discharge switch transistor 1658, when
operated in a linear amplification mode, allows for only the
partial discharge ofthe electrode of the shutter assembly 1644
and therefore a partial opening of the shutter.

In operation, in order to periodically reverse the polarity of
voltages supplied to the shutter assembly 1644, the control
matrix alternates between two control logics, as described in
relation to control matrix 1400 of FIG. 14. In the first control
logic, at step 1686 in the addressing cycle, the control matrix
1640 closes the shutter assemblies 1644 of all pixels in the
control matrix 1640 by storing V , across the electrodes of the
shutter assembly 1644 actuator. The potential on the shutter
common interconnect 1655 is held at ground.

In the second control logic, which is similar to the polarity
reversal method 2 of Table 1 described with respect to FIG.
10, the potential of the shutter common interconnect 1655 is
set instead to the actuation voltage V. At steps 1686 and
1688, where the voltage on the charge interconnect 1650 is set
to V,, all shutters are instead allowed to relax to their open
position. Therefore, in the second control logic, the control
matrix 1640 discharges the stored V , from shutter assemblies
that are to be closed, as opposed to those that are to remain
open. At step 1692, global actuation is achieved by setting the
global actuation interconnect 1654 to ground.

The control matrix 1640 can alternate between the control
logics every frame or on some other periodic basis. Over time,
the net potentials applied to the shutter assemblies 1644 by
the charge interconnect 1650 and the shutter common inter-
connect 1655 average out to OV.
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FIG. 17 is still a further suitable control matrix 1700 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 1700
controls an array of pixels 1702 that include elastic shutter
assemblies 1704. The control matrix 1700 preferably
includes shutter assemblies that are not bi-stable, so that the
shutter assemblies 1704 are better controlled in an analog
fashion. That is, the application of a particular voltage to the
actuator of one of the shutter assemblies 1704 results in a
known incremental shutter displacement.

Control matrix 1700 includes one scan-line interconnect
1706 for each row of pixels 1702 in the control matrix 1700
and one data interconnect 1708 for each column of pixels
1702 in the control matrix 1700. The control matrix 1700 also
includes a charge interconnect 1710, a charge trigger inter-
connect 1712, and a discharge trigger interconnect 1714.
These interconnects 1710, 1712, and 1714 are shared
amongst all or a subset of the pixels 1702 in the control matrix
1700. Each pixel 1702 in the control matrix 1700 includes
four transistors, a charge trigger transistor 1716, a grayscale
transistor 1718, a discharge transistor 1720, and a write-
enable transistor 1722. The gate of the charge trigger transis-
tor 1716 electrically connects to the charge trigger intercon-
nect 1712. Its drain electrically connects to the charge
interconnect 1710, and its source electrically connects to the
grayscale transistor 1718. The gate of the grayscale transistor
1718 electrically connects, in parallel, to a data store capaci-
tor 1724 and the write-enable transistor 1722. The source of
the grayscale transistor 1718 electrically connects to the dis-
charge transistor 1720. The gate of the discharge transistor
1720 electrically connects to the discharge interconnect 1714,
and its source is grounded. Referring back to the write-en-
abling transistor 1722, its gate electrically connects to its
corresponding scan-line interconnect 1706, and its drain elec-
trically connects to its corresponding data interconnect 1708.

The control matrix 1700 can be utilized to provide analog
gray scale to the display apparatus 100. In operation, at the
beginning of a frame addressing cycle, the control matrix
1700 applies a voltage to the discharge trigger interconnect
1714, turning on the discharge transistor 1720. Any voltage
stored in the actuators of the shutter assemblies 1704 in the
pixels 1702 is discharged, releasing the shutters in the shutter
assemblies 1704 to their rest positions. The control matrix
1700 then grounds the discharge trigger interconnect 1714.
Subsequently, the control matrix 1700, in sequence applies a
write-enabling voltage V. to each scan-line interconnect
1706, turning on the write-enabling transistors 1722 of the
pixels 1702 in each corresponding row of the control matrix
1700. As the write-enabling transistor 1722 for a given row is
turned on, the control matrix 1700 applies voltage pulses to
each of the data-interconnects 1708 to indicate the desired
brightness of each pixel 1702 in the write-enabled row of
pixels 1702. After the addressing sequence is complete, the
control matrix then applies a voltage to the charge trigger
interconnect 1712 which turns on the charge trigger transistor
1716 so that all electrodes can be charged and all pixels
actuated simultaneously.

Brightness of a pixel 1702 is determined by the duration or
the magnitude of the voltage pulse applied to its correspond-
ing data interconnect 1708. While the voltage pulse is applied
to the data interconnect 1708 of the pixel, current flows
through the write-enabling transistor 1722, building up a
potential on the data store capacitor 1724. The voltage on the
capacitor 1724 is used to control the opening of the conduct-
ing channel in the grayscale transistor 1718. This channel
remains open so long as the gate-to-source voltage exceeds a
certain threshold voltage. Eventually, during the charging
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cycle, the potential on the electrode of shutter assembly 1704
will rise to match the potential stored on the capacitor 1724,
at which point the grayscale transistor will turn off. In this
fashion the actuation voltage stored on the shutter assembly
can be made to vary in proportion to the analog voltage stored
on capacitor 1724. The resulting electrode voltage causes an
incremental displacement of the shutter in the shutter assem-
bly 1704 proportional to the resultant voltage. The shutter
remains displaced from its rest position until the discharge
trigger interconnect 1714 is powered again at the end of the
frame addressing cycle.

As in the control matrix 1300 of FIG. 13, a simple diode
and/or an MIM diode can be substituted for the charge trigger
transistor 1716 to perform the switching or charge loading
function for each pixel in the array.

FIG. 18 is yet another suitable control matrix 1800 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 1800
controls an array of pixels 1802 that include dual-actuator
shutter assemblies 1804 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 1804 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 1800 includes a scan-line interconnect
1806 for each row of pixels 1802 in the control matrix 1800.
The control matrix 1800 also includes two data interconnects,
a shutter-open interconnect 1808« and a shutter-close inter-
connect 18084, for each column of pixels 1802 in the control
matrix 1800. The control matrix 1800 further includes a
charge interconnect 1810, a charge trigger interconnect 1812,
and a global actuation interconnect 1814. These interconnects
1810, 1812, and 1814 are shared among pixels 1802 in mul-
tiple rows and multiple columns in the array. In one imple-
mentation (the one described in more detail below), the inter-
connects 1810, 1812, and 1814 are shared among all pixels
1802 in the control matrix 1800.

Each pixel 1802 in the control matrix includes a shutter-
open charge transistor 1816, a shutter-open discharge transis-
tor 1818, a shutter-close charge transistor 1820, and a shutter-
close discharge transistor 1822. The control matrix also
incorporates two voltage stabilizing capacitors 1824, which
are connected, one each, in parallel with the source and drain
of the discharge transistors 1818 and 1822. At the beginning
of each frame addressing cycle, the control matrix 1800
applies a maintenance voltage, V,,, e.g., /2 the voltage needed
to actuate the shutter assemblies, V ,,, to the global actuation
interconnect 1814. The maintenance voltage locks the shutter
assemblies 1804 into their current states until a global actua-
tion is initiated at the end of the frame addressing cycle. The
control matrix 1800 then applies a voltage to the charge
trigger interconnect 1812, turning on the shutter-open and
shutter-close transistors 1816 and 1820 of the pixels 1802 in
the control matrix 1800. The charge interconnect 1810, in one
implementation, carries a DC voltage equal to or greater than
V., e.g., 40V.

As each row of pixels 1802 in the control matrix 1800 is
addressed, the control matrix 1800 write-enables a row of
pixels 1802 by grounding its corresponding scan-line inter-
connect 1806. The control matrix 1800 then applies a data
voltage, V, e.g., 5V, to either the shutter-open interconnect
18084 or the shutter-close interconnect 18085 corresponding
to each column of pixels 1802 in the control matrix 1800. If
V , is applied to the shutter-closed interconnect 18085 of a
column, the voltage stored on the shutter-close actuator of the
corresponding shutter assembly 1804 is discharged via the
shutter-close discharge transistor 1822. Similarly if V, is
applied to the shutter-open interconnect 18084 of a column,
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the voltage stored on the shutter-open actuator of the corre-
sponding shutter assembly 1804 is discharged via the shutter-
open discharge transistor 1818. Generally, to ensure proper
actuation, only one of the actuators, either the shutter-closed
actuator or the shutter-open actuator, is allowed to be dis-
charged for any given shutter assembly in the array.

After all rows of pixels 1802 are addressed, the control
matrix 1800 globally actuates the pixels 1802 by changing the
potential on the global actuation interconnect 1814 from 'V,
to ground. The change in voltage releases the actuators from
their locked in state to switch to their next state, if needed. If
the global actuation interconnect were to be replaced with a
constant voltage ground or common interconnect, i.e. if the
global actuation method is not utilized with the control matrix
1800, then the voltage stabilizing capacitors 1824 may not be
necessary.

As in the control matrix 1400 of FIG. 14, a simple diode
and/or an MIM diode can be substituted for both the shutter-
open charge transistor 1816 and the shutter-close charge tran-
sistor 1820.

Alternatively, it is possible to take advantage of the bi-
stable nature of shutter assembly 1804 and substitute a resis-
tor for both the shutter-open charge transistor 1816 and the
shutter-close charge transistor 1820. When operated with a
resistor, one relies on the fact that the RC charging time
constant associated with the resistor and the capacitance of
the actuator in the shutter assembly 1804 can be much greater
in magnitude than the time necessary for discharging the
actuator through either the shutter-open discharge transistor
1818 or the shutter-close discharge transistor 1822. In the
time interval between when the actuator of the shutter assem-
bly 1804 is discharged through one of the discharge transis-
tors and when the actuator is re-charged through the resistor
and the charge interconnect 1810, the correct voltage difter-
ences can be established across the actuators of the shutter
assembly 1804 and the shutter assembly can be caused to
actuate. After each of the open and closed actuators of the
shutter assembly 1804 have been re-charged through the
resistor, the shutter assembly 1804 will not re-actuate since
either or both of the actuators now effectively holds the appro-
priate maintenance voltage, i.e., a voltage greater than V.

FIG. 19 is yet another suitable control matrix 1900 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 1900
controls an array of pixels 1902 that include dual-actuator
shutter assemblies 1904 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 1904 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 1900 includes a scan-line interconnect
1906 for each row of pixels 1902 in the control matrix 1900.
The control matrix 1900 also includes two data interconnects,
a shutter-open interconnect 1908« and a shutter-close inter-
connect 19085, for each column of pixels 1902 in the control
matrix 1900. The control matrix 1900 further includes a
charge interconnect 1910, a charge trigger interconnect 1912,
and a global actuation interconnect 1914, and a shutter com-
mon interconnect 1915. These interconnects 1910, 1912,
1914 and 1915 are shared among pixels 1902 in multiple rows
and multiple columns in the array. In one implementation (the
one described in more detail below), the interconnects 1910,
1912, 1914 and 1915 are shared among all pixels 1902 in the
control matrix 1900.

Each pixel 1902 in the control matrix includes a shutter-
open charge transistor 1916, a shutter-open discharge transis-
tor 1918, a shutter-open write-enable transistor 1917, and a
data store capacitor 1919 as described in FIG. 16A. Each

20

40

45

55

38

pixel 1902 in the control matrix includes a shutter-close
charge transistor 1920, and a shutter-close discharge transis-
tor 1922, a shutter-close write-enable transistor 1927, and a
data store capacitor 1929.

Atthebeginning of each frame addressing cycle the control
matrix 1900 applies a voltage to the charge trigger intercon-
nect 1912, turning on the shutter-open and shutter-close tran-
sistors 1916 and 1920 of the pixels 1902 in the control matrix
1900. The charge interconnect 1910, in one implementation,
carries a DC voltage equal to or greater than V ,, e.g., 40V.

Each row is then write-enabled in sequence, as was
described with respect to control matrix 1500 of FIG. 15.
While a particular row of pixels 1902 is write-enabled, the
control matrix 1900 applies a data voltage to either the shut-
ter-open interconnect 1908a or the shutter-close interconnect
19085 corresponding to each column of pixels 1902 in the
control matrix 1900. The application of V, to the scan-line
interconnect 1906 for the write-enabled row turns on both of
the write-enable transistors 1917 and 1927 of the pixels 1902
in the corresponding scan line. The voltages applied to the
data interconnects 1908a and 19085 are thereby allowed to be
stored on the data store capacitors 1919 and 1929 of the
respective pixels 1902. Generally, to ensure proper actuation,
only one of the actuators, either the shutter-closed actuator or
the shutter-open actuator, is allowed to be discharged for any
given shutter assembly in the array.

In control matrix 1900 the global actuation interconnect
1914 is connected to the source of the both the shutter-open
discharge switch transistor 1918 and the shutter-close dis-
charge transistor 1922. Maintaining the global actuation
interconnect 1914 at a potential significantly above that ofthe
shutter common interconnect 1915 prevents the turn-on of
any of the discharge switch transistors 1918 or 1922, regard-
less of what charge is stored on the capacitors 1919 and 1929.
Global actuation in control matrix 1900 is achieved by bring-
ing the potential on the global actuation interconnect 1914 to
the same potential as the shutter common interconnect 1915,
making it possible for the discharge switch transistors 1918 or
1922 to turn-on in accordance to the whether a data voltage
has been stored on ether capacitor 1919 or 1920. Control
matrix 1900, therefore, does not depend on electrical bi-
stability in the shutter assembly 1904 in order to achieve
global actuation.

Applying partial voltages to the data store capacitors 1919
and 1921 allows partial turn-on of the discharge switch tran-
sistors 1918 and 1922 during the time that the global actuation
interconnect 1914 is brought to its actuation potential. In this
fashion, an analog voltage is created on the shutter assembly
1904, for providing analog gray scale.

In operation, the control matrix alternates between two
control logics as described in relation to control matrix 1600
of FIG. 16A.

As in the control matrix 1300 of FIG. 13, simple MIM
diodes or varistors can be substituted for the charge trigger
transistor 1616 to perform the switching or charge loading
function for each pixel in the array. Also, as in control matrix
1800 of FIG. 18 it is possible to substitute a resistor for both
the shutter-open charge transistor 1916 and the shutter-close
charge transistor 1920.

FIG. 20 is yet another suitable control matrix 2000 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 2000
controls an array of pixels 2002 that include dual-actuator
shutter assemblies 2004 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 2004 can be made either electrically bi-
stable or mechanically bi-stable.
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The control matrix 2000 includes a scan-line interconnect
2006 for each row of pixels 2002 in the control matrix 2000.
The control matrix 2000 also includes two data interconnects,
a shutter-open interconnect 2008« and a shutter-close inter-
connect 20085, for each column of pixels 2002 in the control
matrix 2000. The control matrix 2000 further includes a
charge interconnect 2010, and a global actuation interconnect
2014, and a shutter common interconnect 2015. These inter-
connects 2010, 2014 and 2015 are shared among pixels 2002
in multiple rows and multiple columns in the array. In one
implementation (the one described in more detail below), the
interconnects 2010, 2014 and 2015 are shared among all
pixels 2002 in the control matrix 2000.

Each pixel 2002 in the control matrix includes a shutter-
open charge transistor 2016, a shutter-open discharge transis-
tor 2018, a shutter-open write-enable transistor 2017, and a
data store capacitor 2019 as described in FIGS. 16 A and 19.
Each pixel 2002 in the control matrix includes a shutter-close
charge transistor 2020, and a shutter-close discharge transis-
tor 2022, a shutter-close write-enable transistor 2027, and a
data store capacitor 2029.

Control matrix 2000 also incorporates two voltage stabi-
lizing capacitors 2031 and 2033 which connect on one side to
the sources of the discharge switch transistors 2018 and 2022,
respectively, and on the other side to the shutter common
interconnect 2015.

By comparison to control matrix 1900, the charging tran-
sistors 2016 and 2020 are wired in with a different circuit
connection to the charge interconnect 2010. Control matrix
2000 does not include a charge trigger interconnect which is
shared among pixels. Instead, the gate terminals of both
charging transistors 2016 and 2020 are connected directly to
the charge interconnect 2010, along with the drain terminal of
transistors 2016 and 2020. In operation, the charging transis-
tors operate essentially as diodes, i.e., they can pass a current
in only 1 direction. Their function in the charging circuit
becomes equivalent to that of diode 1410 in control circuit
1400 of FIG. 14.

Atthe beginning of each frame addressing cycle the control
matrix 2000 applies a voltage pulse to the charge interconnect
2010, allowing current to flow through charging transistors
2016 and 2020 and into the shutter assemblies 2004 of the
pixels 2002. After this charging pulse, each of the shutter
open and shutter closed electrodes of shutter assemblies 2004
will be in the same voltage state. After the voltage pulse, the
potential of charge interconnect 2010 is reset to zero, and the
charging transistors 2016 and 2020 will prevent the charge
stored in the shutter assemblies 2004 from being dissipated
through charge interconnect 2010. The charge interconnect
2010, in one implementation, transmits a pulsed voltage
equal to or greater than V ,, e.g., 40V.

Each row is then write-enabled in sequence, as was
described with respect to control matrix 1500 of FIG. 15.
While a particular row of pixels 2002 is write-enabled, the
control matrix 2000 applies a data voltage to either the shut-
ter-open interconnect 2008a or the shutter-close interconnect
20085 corresponding to each column of pixels 2002 in the
control matrix 2000. The application of V, to the scan-line
interconnect 2006 for the write-enabled row turns on both of
the write-enable transistors 2017 and 2027 of the pixels 2002
in the corresponding scan line. The voltages applied to the
data interconnects 2008a and 20085 are thereby caused to be
stored on the data store capacitors 2019 and 2029 of the
respective pixels 2002. Generally, to ensure proper actuation,
only one of the actuators, either the shutter-closed actuator or
the shutter-open actuator, is caused to be discharged for any
given shutter assembly in the array.
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In control matrix 2000 the global actuation interconnect
2014 is connected to the source of the both the shutter-open
discharge switch transistor 2018 and the shutter-close dis-
charge transistor 2022. Maintaining the global actuation
interconnect 2014 at a potential significantly above that ofthe
shutter common interconnect 2015 prevents the turn-on of
any of the discharge switch transistors 2018 or 2022, regard-
less of what charge is stored on the capacitors 2019 and 2029.
Global actuation in control matrix 2000 is achieved by bring-
ing the potential on the global actuation interconnect 2014 to
substantially the same potential as the shutter common inter-
connect 2015, making it possible for the discharge switch
transistors 2018 or 2022 to turn-on in accordance to whether
a data voltage has been stored on ether capacitor 2019 or
2029. Control matrix 2000, therefore, does not depend on
electrical bi-stability in the shutter assembly 2004 in order to
achieve global actuation.

Applying partial voltages to the data store capacitors 2019
and 2021 allows partial turn-on of the discharge switch tran-
sistors 2018 and 2022 during the time that the global actuation
interconnect 2014 is brought to its actuation potential. In this
fashion, an analog voltage is created on the shutter assembly
2004, for providing analog gray scale.

In operation, in order to periodically reverse the polarity of
voltages supplied to the shutter assembly 2004, the control
matrix 2000 alternates between two control logics, as
described in relation to control matrix 1600 of FIG. 16A.

FIG. 21 is yet another suitable control matrix 2100 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 2100
controls an array of pixels 2102 that include dual-actuator
shutter assemblies 2104 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 2104 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 2100 includes a scan-line interconnect
2106 for each row of pixels 2102 in the control matrix 2100.
Despite the fact that shutter assemblies 2104 are dual-actua-
tor shutter assemblies, the control matrix 2100 only includes
a single data interconnect 2108. The control matrix 2100
further includes a charge interconnect 2110, and a global
actuation interconnect 2114, and a shutter common intercon-
nect 2115. These interconnects 2110, 2114 and 2115 are
shared among pixels 2102 in multiple rows and multiple
columns in the array. In one implementation (the one
described in more detail below), the interconnects 2110,
2114, and 2115 are shared among all pixels 2102 in the
control matrix 2100.

Each pixel 2102 in the control matrix includes a shutter-
open charge transistor 2116, a shutter-open discharge transis-
tor 2118, a shutter-open write-enable transistor 2117, and a
data store capacitor 2119, as described in FIGS. 16 A and 19.
Each pixel 2102 in the control matrix includes a shutter-close
charge transistor 2120, a shutter-close discharge transistor
2122, and a data store capacitor 2129.

In addition and in contrast to control matrices described
until now, the control matrix 2100 includes a data load tran-
sistor 2135 and a data discharge transistor 2137. Control
matrix 2100 also incorporates two voltage stabilizing capaci-
tors 2131 and 2133 which connect on one side to the sources
of the discharge switch transistors 2118 and 2122, respec-
tively, and on the other side to the shutter common intercon-
nect 2115.

The charging transistors 2116 and 2120 are wired similarly
to that of the charging transistors in control matrix 2000 of
FIG. 20. That is, the gate terminals of both charging transis-
tors 2116 and 2120 are connected directly to the charge inter-
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connect 2110, along with the drain terminal of transistors
2116 and 2120. Their function in the charging circuit
becomes equivalent to that of diode 1410 in control circuit
1400 of FIG. 14.

Atthe beginning of each frame addressing cycle the control
matrix 2100 applies a voltage pulse to the charge interconnect
2110, allowing current to flow through charging transistors
2116 and 2120 and into the shutter assemblies 2104 of the
pixels 2102. After this charging pulse, each of the shutter
open and shutter closed electrodes of shutter assemblies 2104
will be in the same voltage state. After the voltage pulse, the
potential of charge interconnect 2110 is reset to zero, and the
charging transistors 2116 and 2120 will prevent the charge
stored in the shutter assemblies 2104 from being dissipated
through charge interconnect 2110. The charge interconnect
2110, in one implementation, transmits a pulsed voltage
equal to or greater than V ,, e.g., 40V.

Each row is then write-enabled in sequence, as was
described with respect to control matrix 1500 of FIG. 15.
While a particular row of pixels 2102 is write-enabled, the
control matrix 2100 applies a data voltage to the data inter-
connect 2108. The application of V,,, to the scan-line inter-
connect 2106 for the write-enabled row turns on the write-
enable transistor 2117 of the pixels 2102 in the corresponding
scan line. The voltages applied to the data interconnect 2108
is thereby caused to be stored on the data store capacitor 2119
of'the respective pixels 2102. The same V,,, that is applied to
the write enable transistor 2117 is applied simultaneously to
both the gate and the drain of data load transistor 2135, which
allows current to pass through the data load transistor 2135
depending on whatever voltage is stored on capacitor 2129.

The combination of transistors 2135 and 2137 functions
essentially as an inverter with respect to the data stored on
capacitor 2119. The source of data load transistor 2135 is
connected to the drain of data discharge transistor 2137 and
simultaneously to an electrode of the data store capacitor
2129. The gate of data discharge transistor 2137 is connected
to an electrode of data store capacitor 2119. The voltage
stored on capacitor 2129, therefore, becomes the complement
or inverse of the voltage stored on data store capacitor 2119.
For instance, if the voltage on the data store capacitor 2119 is
V.., thenthe data discharge transistor 2137 can switch on and
the voltage on the data store capacitor 2129 can become zero.
Conversely, if the voltage on data store capacitor 2119 is zero,
then the data discharge transistor 2137 will switch off and the
voltage on the data store capacitor 2129 will remain at its
pre-set voltage V.

In control matrix 2100 the global actuation interconnect
2114 is connected to the source of the shutter-open discharge
switch transistor 2118, the shutter-close discharge transistor
2122, and the data discharge transistor 2137. Maintaining the
global actuation interconnect 2114 at a potential significantly
above that of the shutter common interconnect 2115 prevents
the turn-on of any of the discharge switch transistors 2118,
2122 and 2137, regardless of what charge is stored on the
capacitors 2119. Global actuation in control matrix 2100 is
achieved by bringing the potential on the global actuation
interconnect 2114 to substantially the same potential as the
shutter common interconnect 2115. During the time that the
global actuation is so activated, all three of the transistors
2118, 2122, and 2137 can change their state, depending on
what data voltage has been stored on capacitor 2119. Because
of'the operation of the inverter 2135 and 2137, only one of the
discharge transistors 2118 or 2122 can be on at any one time,
ensuring proper actuation of shutter assembly 2104. The pres-
ence of the inverter 2135 and 2137 helps to obviate the need
for a separate shutter-close data interconnect.
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Applying partial voltages to the data store capacitors 2119
and 2129 allows partial turn-on of the discharge switch tran-
sistors 2118 and 2122 during the time that the global actuation
interconnect 2114 is brought to its actuation potential. In this
fashion, an analog voltage is created on the shutter assembly
2104, for providing analog gray scale.

In operation, in order to periodically reverse the polarity of
voltages supplied to the shutter assembly 2104, the control
matrix 2100 alternates between two control logics as
described in relation to control matrix 1600 of FIG. 16A.

FIG. 22 is yet another suitable control matrix 2200 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 2200
controls an array of pixels 2202 that include dual-actuator
shutter assemblies 2204 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 2204 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 2200 includes a scan-line interconnect
2206 for each row of pixels 2202 in the control matrix 2200.
The control matrix 2200 also includes two data interconnects,
a shutter-open interconnect 2208« and a shutter-close inter-
connect 22085, for each column of pixels 2202 in the control
matrix 2200. The control matrix 2200 further includes a
charge interconnect 2210, a global actuation interconnect
2214, and a shutter common interconnect 2215. These inter-
connects 2210, 2214 and 2215 are shared among pixels 2202
in multiple rows and multiple columns in the array. In one
implementation (the one described in more detail below), the
interconnects 2210, 2214 and 2215 are shared among all
pixels 2202 in the control matrix 2200.

Each pixel 2202 in the control matrix includes a shutter-
open charge transistor 2216, a shutter-open discharge transis-
tor 2218, a shutter-open write-enable transistor 2217, and a
data store capacitor 2219 as described in FIGS. 16A and 19.
Each pixel 2202 in the control matrix includes a shutter-close
charge transistor 2220, and a shutter-close discharge transis-
tor 2222, a shutter-close write-enable transistor 2227, and a
data store capacitor 2229.

The control matrix 2200 makes use of two complementary
types of transistors, both p-channel and n-channel transistors.
It is therefore referred to as a complementary MOS control
matrix or a CMOS control matrix. The charging transistors
2216 and 2220 are of the pMOS type while the discharge
transistors 2218 and 2222 are of the nMOS type. In other
implementations, the types of transistors can be reversed, for
example nMOS transistors can be used for the charging tran-
sistors and pMOS transistors can be used for the discharge
transistors. (The symbol for a pMOS transistor includes an
arrow that points into the channel region, the symbol for an
nMOS transistor includes an arrow that points away from the
channel region.)

The CMOS control matrix 2200 does not incorporate and
does not require any voltage stabilizing capacitors, such as
2031 and 2033 from control matrix 2000 of FIG. 20. Control
matrix 2200 does not include a charge trigger interconnect
(such as charge trigger interconnect 1912 in control matrix
1900 of FIG. 19). By comparison to control matrices 1900
and 2000, the charging transistors 2216 and 2220 are wired
with different circuit connections between the charge inter-
connect 2210 and the shutter assembly 2204. The source of
each of transistors 2216 and 2220 are connected to the charge
interconnect 2210. The gate of shutter-close charge transistor
2220 is connected to the drain of a shutter-open discharge
transistor 2218 and simultaneously to the shutter-open actua-
tor of the corresponding shutter assembly 2204. The gate of
shutter-open charge transistor 2216 is connected to the drain
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of a shutter-close discharge transistor 2222 and simulta-
neously to the shutter-close actuator of the corresponding
shutter assembly 2204. The drain of shutter-close charge tran-
sistor 2220 is connected to the drain of a shutter-close dis-
charge transistor 2222 and simultaneously to the shutter-
close actuator of the corresponding shutter assembly 2204.
The drain of shutter-open charge transistor 2216 is connected
to the drain of a shutter-open discharge transistor 2218 and
simultaneously to the shutter-open actuator of the corre-
sponding shutter assembly 2204.

The operation of control matrix 2200 is distinct from that of
the circuits already discussed, in particular from control
matrices 1800, 1900, and 2000 of FIGS. 18, 19 and 20,
respectively, which have generally employed the charging
sequence described in control method 1200 of FIG. 12. In
control method 1200, as applied to control matrix 1900, an
actuation voltage is first applied to each side of the shutter
assembly 1902, or applied simultaneously to the shutter-open
actuator and the shutter-closed actuators of shutter assembly
1902. Later, as part of the global actuation sequence, either
one actuator or the other in shutter assembly 1902 is caused to
discharge in accordance to whether a data voltage was stored
on ether capacitor 1919 or 1929. By contrast, the operation of
control matrix 2200 does not require a distinct or initializing
charging sequence. The charge interconnect 2210 is main-
tained at a steady DC voltage equal to the actuation voltage
V., e.g. at 40 volts.

The control matrix 2200 operates as a logical flip-flop,
which has only two stable states. In the first stable state the
shutter-open discharge transistor 2218 is on, the shutter-
closed discharge transistor 2222 is off, the shutter-open
charge transistor 2216 is off, and the shutter-close charge
transistor 2220 is on. In this first stable state the shutter-open
actuator is discharged or set to the same potential as the global
actuation interconnect 2214, while the shutter-closed actua-
tor is held at the actuation voltage V_,. In the second stable
state the shutter-open discharge transistor 2218 is off, the
shutter-closed discharge transistor 2222 is on, the shutter-
open charge transistor 2216 is on, and the shutter-close charge
transistor 2220 is off. In this second stable state the shutter-
closed actuator is discharged or set to the same potential as the
global actuation interconnect 2214, while the shutter-closed
actuator is held at the actuation voltage V ,,. The cross-cou-
pling of transistors 2216, 2218, 2220, and 2222 helps to
ensure that if any one of these 4 transistors is on—then only
the two states described above can result as a stable state. In
various embodiments, the flip-flop can also be used to store
pixel addressing data.

Those skilled in the art will recognize that both the shutter-
open and shutter-close actuators of shutter assembly 2204 are
connected to the output stage of a corresponding CMOS
inverter. These inverters can be labeled as the shutter open
inverter which comprises transistors 2216 and 2218 and the
shutter close inverter which comprises transistors 2220 and
2222. The flip-flop operation of the switching circuit is
formed from the cross-coupling of the two inverters. These
inverters are also known as level shifting inverters since the
input voltages, from data store capacitors 2219 and 2229, are
lower than the output voltages, i.e. the V,,, which is supplied to
the actuators.

The two stable actuation states of control matrix 2200 are
associated with substantially zero current flow between the
charge interconnect 2210 and the global actuation intercon-
nect 2214, an important power savings. This is achieved
because the shutter-open charge transistor 2216 and the shut-
ter-close discharge transistor 2218 are made from different
transistor types, pMOS or nMOS, while the shutter-close
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charge transistor 2220 and the shutter-close discharge tran-
sistor 2222 are also made from the different transistor types,
pMOS and nMOS.

The flip-flop operation of control matrix 2200 allows for a
constant voltage actuation of the shutter assembly 2204, with-
out the need for voltage stabilizing capacitors, such as capaci-
tor 2031 or 2033 in control matrix 2000 of FIG. 20. This is
because one of the charging transistors 2216 or 2220 remains
on throughout the actuation event, allowing the correspond-
ing actuator to maintain a low impedance connection to the
DC supply of the interconnect 2210 throughout the actuation
event.

Atthebeginning of each frame addressing cycle the control
matrix 2200 applies a write enable voltage to each scan-line
interconnect 2206 in sequence. While a particular row of
pixels 2202 is write-enabled, the control matrix 2200 applies
a data voltage to either the shutter-open interconnect 2208a or
the shutter-close interconnect 22085 corresponding to each
column of pixels 2202 in the control matrix 2200. The appli-
cation of'V,, to the scan-line interconnect 2206 for the write-
enabled row turns on both of the write-enable transistors 2217
and 2227 of the pixels 2202 in the corresponding scan line.
The voltages applied to the data interconnects 2208a and
22085 are thereby caused to be stored on the data store capaci-
tors 2219 and 2229 of the respective pixels 2202. Generally,
to ensure proper actuation, only one of the actuators, either
the shutter-closed actuator or the shutter-open actuator, is
caused to be discharged for any given shutter assembly in the
array.

In control matrix 2200 the global actuation interconnect
2214 is connected to the source of the both the shutter-open
discharge switch transistor 2218 and the shutter-close dis-
charge transistor 2222. Maintaining the global actuation
interconnect 2214 at a potential significantly above that ofthe
shutter common interconnect 2215 prevents the turn-on of
any of the discharge switch transistors 2218 or 2222, regard-
less of what charge is stored on the capacitors 2219 and 2229.
Global actuation in control matrix 2200 is achieved by bring-
ing the potential on the global actuation interconnect 2214 to
substantially the same potential as the shutter common inter-
connect 2215, making it possible for the discharge switch
transistors 2218 or 2222 to turn-on in accordance to whether
a data voltage has been stored on either capacitor 2219 or
2222. Upon setting the global actuation interconnect to the
same potential as the shutter common interconnect, the state
of'the transistors will either remain unchanged from its stable
state as it was set at the last actuation event, or it will switch
to the alternate stable state, in accordance to whether a data
voltage has been stored on either capacitor 2219 or 2222.

The voltage stored on capacitors 2219 or 2229 is not nec-
essarily the same as the actuation voltage as applied to the
charge interconnect 2210. Therefore some optional specifi-
cations on the transistors can help to reduce any transient
switching currents in control matrix 2200. For instance, it
may be preferable to increase the ratio of width to length in
the discharge transistors 2218 and 2222 as compared to the
charge transistors 2216 and 2220. The ratio of width to length
for the discharge transistors may vary between 1 to 10 while
the ratio of length to width for the charge transistors may vary
between 0.1 and 1.

In operation, in order to periodically reverse the polarity of
voltages supplied to the shutter assembly 2204, the control
matrix 2200 alternates between two control logics as
described in relation to control matrix 1600 of FIG. 16A.

FIG. 23 is yet another suitable control matrix 2300 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 2300
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controls an array of pixels 2302 that include dual-actuator
shutter assemblies 2304 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 2304 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 2300 includes a scan-line interconnect
2306 for each row of pixels 2302 in the control matrix 2300.
Despite the fact that shutter assemblies 2304 are dual-actua-
tor shutter assemblies, the control matrix 2300 only includes
a single data interconnect 2308. The control matrix 2300
further includes a charge interconnect 2310, and a global
actuation interconnect 2314, and a shutter common intercon-
nect 2315. These interconnects 2310, 2314 and 2315 are
shared among pixels 2302 in multiple rows and multiple
columns in the array. In one implementation (the one
described in more detail below), the interconnects 2310, 2314
and 2315 are shared among all pixels 2302 in the control
matrix 2300.

Each pixel 2302 in the control matrix includes a shutter-
open charge transistor Q16, a shutter-open discharge transis-
tor Q18, a shutter-open write-enable transistor Q17, and a
data store capacitor C19, as described in FIGS. 16A and 19.
Each pixel 2302 in the control matrix includes a shutter-close
charge transistor Q20, and a shutter-close discharge transistor
Q22, and a shutter-close write-enable transistor Q27.

The control matrix 2300 makes use of two complementary
types of transistors, both p-channel and n-channel transistors.
It is therefore referred to as a complementary MOS control
matrix or a CMOS control matrix. The charging transistors
Q16 and Q20, for instance, are of the pMOS type, while the
discharge transistors Q18 and Q22 are of the nMOS type. In
other implementations, the types of transistors employed in
control matrix 2300 can be reversed, for example nMOS
transistors can be used for the charging transistors and pMOS
transistors can be used for the discharge transistors.

In addition to the transistors identified above, the control
matrix 2300 includes a level shifting inverter 2332, com-
prised of transistors Q31 and Q33; it includes a transition-
sharpening inverter 2336, comprised of transistors Q35 and
Q37; and it includes a switching inverter 2340, comprised of
transistors Q39 and Q41. Each of these inverters is comprised
of complementary pairs of transistors (i.e., nMOS coupled
with pMOS). The sources of transistors Q33, Q37, and Q41
are connected to a V ,, supply interconnect 2334. The sources
of transistors Q31, Q35, and Q39 are connected to the global
actuation interconnect 2314.

The CMOS control matrix 2300 does not incorporate and
does not require any voltage stabilizing capacitors, such as
2031 and 2033 from control matrix 2000 of FIG. 20. Control
matrix 2300 does not include a charge trigger interconnect
(such as charge trigger interconnect 1912 of FIG. 19).

In a wiring similar to control matrix 2200, the transistors
Q16, Q18, Q20, and Q22 are cross connected and operate as
a flip flop. The sources of both transistors Q16 and Q20 are
connected directly to charge interconnect 2310, which is held
at a DC potential equal to the actuation voltage V ,, e.g. at 40
volts. The sources of both transistors Q18 and Q22 are con-
nected to the global actuation interconnect 2314. The cross
coupling of transistors Q16, Q18, Q20, and Q22 ensures that
there are only two stable states—in which only one of the
actuators in shutter assembly 2304 is held at the actuation
voltage V ,, while the other actuator (after global actuation) is
held at a voltage near to zero. By contrast to the operation of
control matrices 1800, 1900, or 2000 of FIGS. 18,19, and 20,
respectively, the control matrix 2300 does not require a dis-
tinct charging sequence or any variation or pulsing of the
voltage from charge interconnect 2310.
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As was the case in control matrix 2200 of FIG. 22, the
flip-flop switching circuit can be recognized as the cross
coupling of two inverters, namely a shutter open inverter
(transistors Q16 and Q18) and a shutter close inverter (tran-
sistors Q20 and Q22).

In either of its stable states, the flip-flop circuit formed by
transistors Q16, Q18, Q20, and Q22 is associated with sub-
stantially zero DC current flow, and therefore forms a low
power voltage switching circuit. This is achieved because of
the use of complementary (CMOS) transistor types.

The flip-flop operation of control matrix 2300 allows for a
constant voltage actuation of the shutter assembly 2304, with-
out the need for voltage stabilizing capacitors, such as capaci-
tor 2031 or 2033 in control matrix 2000 of FIG. 20. This is
because one of the charging transistors Q16 or Q20 remains
on throughout the actuation event, allowing the correspond-
ing actuator to maintain a low impedance connection to the
DC supply of the interconnect 2210 throughout the actuation
event.

Atthebeginning of each frame addressing cycle the control
matrix 2300 applies a write enable voltage to each scan-line
interconnect 2306 in sequence. While a particular row of
pixels 2302 is write-enabled, the control matrix 2300 applies
a data voltage to the data interconnect 2308. The application
of' V,,, to the scan-line interconnect 2306 for the write-en-
abled row turns on the write-enable transistor Q17 of the
pixels 2302 in the corresponding scan line. The voltages
applied to the data interconnect 2308 is thereby caused to be
stored on the data store capacitor 2319 of the respective pixels
2302.

The functions of the inverters with transistors Q31 through
Q41 will now be explained. The level shifting inverter 2332
outputs a voltage V, (derived from supply interconnect
2334), e.g. 8 volts, which is provisionally supplied to the
input of the transition sharpening inverter 2336, depending on
the voltage state of capacitor C19. The transition-sharpening
inverter 2336 outputs the inverse or complement of its input
from the voltage leveling inverter 2332, and supplies that
complement voltage to both the switching inverter 2340, as
well as to the gate of transistor Q22. (By complement we
mean that if the output of the voltage leveling inverter is V
then the output of the transition sharpening inverter will be
near to zero, and vice versa.) The output of the switching
inverter 2340 supplies a voltage to the gate of transistor Q18,
which is again the complement of the voltage supplied from
the transition-sharpening inverter 2336.

In a manner similar to the function of transistors 2135 and
2137 from control matrix 2100 of FIG. 21, the switching
inverter 2340 ensures that only one of the discharge transis-
tors Q18 or Q22 can be on at any one time, thereby ensuring
proper actuation of shutter assembly 2304. The presence of
the switching inverter 2340 obviates the need for a separate
shutter-close data interconnect.

The level shifting inverter 2332 requires only a low voltage
input (e.g. 3 volts) and outputs a complement which is shifted
to the higher voltage of V ,, (e.g. 8 volts). For instance, if the
voltage on capacitor C19 is 3 volts, then the output voltage
from inverter 2332 will be close to zero, while if the voltage
on capacitor C19 is close to zero, then the output from the
inverter 2332 will be at V ;, (e.g. 8 volts). The presence of the
level shifting inverter, therefore, provides several advantages.
A higher voltage (e.g. 8 volts) is supplied as a switch voltage
to discharge transistors Q18 and Q22. Butthe 8 volts required
for such switching is derived from a power supply, intercon-
nect 2334, which is a DC supply and which only needs to
provide enough current to charge the gate capacitance on
various transistors in the pixel. The power required to drive
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the supply interconnect 2334 will, therefore, be only a minor
contributor to the power required to drive shutter assembly
2304. At the same time the data voltage, supplied by data
interconnect 2308 and stored on capacitor C19, can be less
than 5 volts (e.g. 3 volts) and the power associated with AC
voltage variations on interconnect 2308 will be substantially
reduced.

The transition-sharpening inverter 2336 helps to reduce the
switching time or latency between voltage states as output to
the discharge transistor Q22 and to the switching inverter
2340. Any reduction in switching time on the inputs to the
CMOS switching circuit (Q16 through Q22) helps to reduce
the transient switching currents experienced by that circuit.

The combination of the CMOS switching circuit, with
transistors Q16 through Q22, the CMOS switching inverter
2340, and the CMOS level shifting inverter 2332 makes the
control matrix 2300 an attractive low power method for driv-
ing an array of shutter assemblies 2304. Reliable actuation of
even dual-actuator shutter assemblies, such as shutter assem-
bly 2304, is achieved with the use of only a single storage
capacitor, C19, in each pixel.

In control matrix 2300 the global actuation interconnect
2314 is connected to the source of transistors Q31, Q35, Q39,
Q18, and Q22. Maintaining the global actuation interconnect
2314 at a potential significantly above that of the shutter
common interconnect 2315 prevents the turn-on of any of the
transistors Q31, Q35, Q39, Q18, and Q22, regardless of what
charge is stored on the capacitor C19. Global actuation in
control matrix 2300 is achieved by bringing the potential on
the global actuation interconnect 2314 to substantially the
same potential as the shutter common interconnect 2315.
During the time that the global actuation is so activated, all of
the transistors Q31, Q35, Q39, Q18, and Q22 have the oppor-
tunity to change their state, depending on what data voltage
has been stored on capacitor C19.

The voltage supplied by supply interconnect 2334,V is
not necessarily the same as the actuation voltage V,,, as
supplied by the charge interconnect 2310. Therefore, some
optional specifications on transistors Q16 through Q22 can
help to reduce the transient switching currents in control
matrix 2300. For instance it may be preferable to increase the
width to length ratio in the discharge transistors Q18 and Q22
as compared to the charge transistors Q16 and Q20. The ratio
of width to length for the discharge transistors may vary
between 1 and 10 while the ratio of length to width for the
charge transistors may vary between 0.1 and 1. Similarly the
width to length ratio between level shifting transistors Q31
and Q33 should be similarly differentiated. For instance, the
ratio of width to length for transistor Q31 may vary between
1 and 10 while the ratio of width to length for transistor Q33
may vary between 0.1 and 1.

In operation, in order to periodically reverse the polarity of
voltages supplied to the shutter assembly 2304, the control
matrix 2300 alternates between two control logics as
described in relation to control matrix 1600 of FIG. 16A.

Alternative embodiments to control matrix 2300 are also
possible. For instance, the level shifting inverters 2332 and
the transition sharpening inverter 2336 can be removed from
the circuit as long as the voltage supplied by the data inter-
connect 2308 is high enough to switch the flip-flop circuit
reliably. As this required switching voltage may be as high as
8 volts, the power dissipation for such a simplified circuit is
expected to increase by comparison to control matrix 2300.
The simplified circuit would, however, require less real estate
and could therefore be packed to higher pixel densities.

In another alternative to control matrix 2300, the pre-
charge circuit from control matrices 2000 and 2100 of FIGS.
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20 and 21, respectively, can be substituted into control matrix
2300, in place of transistors Q16, Q18, Q20, and Q22. For
such a control matrix the transition sharpening inverter 2336
would no longer be necessary. To the extent that both pMOS
and nMOS remain available to this CMOS circuit, both types
of transistors would still be beneficial in the level shifting
inverter 2332 and in the switching inverter 2340. This circuit
would thereby exhibit power dissipation advantages by com-
parison to control matrix 2100 of FIG. 21.

FIG. 24 is yet another suitable control matrix 2440 for
inclusion in the display apparatus 100, according to an illus-
trative embodiment of the invention. Control matrix 2440
controls an array of pixels 2442 that include dual-actuator
shutter assemblies 2444 (i.e., shutter assemblies with both
shutter-open and shutter-close actuators). The actuators in the
shutter assemblies 2444 can be made either electrically bi-
stable or mechanically bi-stable.

Control matrix 2440 is substantially the same as control
matrix 1640 of FIG. 16B, except for three changes. A dual-
actuator shutter assembly 2444 is utilized instead of the elas-
tic shutter assembly 1644, a new common drive interconnect
2462 is added, and there is no voltage stabilizing capacitor,
such as capacitor 1652, in control matrix 2440. For the
example given in control matrix 2440, the common drive
interconnect 2462 is electrically connected to the shutter-
open actuator of the shutter assembly 2444.

Despite the presence of a dual-actuator shutter assembly
2444, the control matrix 2440 includes only a single data
interconnect 2448 for each column of pixels 2442 in the
control matrix. The actuators in the shutter assemblies 2444
can be made either electrically bi-stable or mechanically bi-
stable.

The control matrix 2440 includes a scan-line interconnect
2446 for each row of pixels 2442 in the control matrix 2440.
The control matrix 2440 further includes a charge intercon-
nect 2450, a global actuation interconnect 2454, and a shutter
common interconnect 2455. The interconnects 2450, 2454,
2455, and 2462 are shared among pixels 2442 in multiple
rows and multiple columns in the array. In one implementa-
tion (the one described in more detail below), the intercon-
nects 2450, 2454, 2455, and 2462 are shared among all pixels
2442 in the control matrix 2440.

Each pixel 2442 in the control matrix includes a shutter
charge transistor 2456, a shutter discharge transistor 2458, a
shutter write-enable transistor 2457, and a data store capaci-
tor 2459 as described in FIGS. 16 A and 19. For the example
given in control matrix 2440 the drain of the shutter discharge
transistor is connected to the shutter-close actuator of the
shutter assembly 2444.

By comparison to control matrix 1600 of FIG. 16A, the
charging transistor 2456 is wired with a different circuit con-
nection to the charge interconnect 2450. Control matrix 2440
does not include a charge trigger interconnect which is shared
among pixels. Instead, the gate terminals of the charging
transistor 2456 are connected directly to the charge intercon-
nect 2450, along with the drain terminal of transistor 2456. In
operation, the charging transistors operate essentially as
diodes, i.e., they can pass a current in only 1 direction. Their
function in the charging circuit becomes equivalent to that of
diode 1410 in control circuit 1400 of FIG. 14.

A method of addressing and actuating the pixels in control
matrix 2440 is illustrated by the method 2470 shown in FIG.
25. The method 2470 proceeds in three general steps. First the
matrix is addressed row by row by storing data into the data
store capacitors 2459. Next all actuators are actuated (or
reset) simultaneously (step 2488) in part by applying a volt-
ageV , to the charge interconnect 2450. And finally the image
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is set in steps 2492-2494 by a) selectively activating transis-
tors 2458 by means of the global actuation interconnect 2454
and b) changing the potential difference between the common
drive interconnect 2462 and the shutter common interconnect
2455 s0 as to be greater than an actuation voltage V.

As described with respect to control method 1000 of FIG.
10, or with respect to control matrix 1400 of FIG. 14, the
control matrix 2440 can operate between two control log-
ics—which provide a periodic polarity reversal and thereby
ensure a OV DC average operation across the shutter assem-
blies 2442. For reasons of clarity the details for control
method 2470 are described next with respect to only the first
control logic. In this first control logic the potential of the
shutter common interconnect 2455 is maintained at all times
near to the ground potential. A shutter will be held in either the
open or closed states by applying a voltage V ,, directly across
either or both of the charge interconnect 2450 or the common
drive interconnect 2462. (In the second control logic, to be
described after we complete the discussion of FIG. 25, the
shutter common interconnect is held at the voltage V ,,, and an
actuated state will be maintained by maintaining either or
both of the charge interconnect 2450 or the common drive
interconnect 2462 at ground.)

More specifically for the first control logic of method 2470,
the frame addressing cycle of method 2470 begins when a
voltage V- is applied to the global actuation interconnect
2454 (step 2472). The voltage V,,; on interconnect 2454 is
designed to ensure that the discharge transistor 2458 will not
turn on regardless of whether a voltage has been stored on
capacitor 2459.

The control matrix 2440 then proceeds with the addressing
of each pixel 2442 in the control matrix, one row at a time
(steps 2474-2484). To address a particular row, the control
matrix 2440 write-enables a first scan line by applying a
voltageV, to the corresponding scan-line interconnect 2446
(step 2474). Then, at decision block 2476, the control matrix
2440 determines for each pixel 2442 in the write-enabled row
whether the pixel 2442 needs to be open or closed. For
example, if at the reset step 2488 all shutters are to be (tem-
porarily) closed, then at decision block 2476 it is determined
for each pixel 2442 in the write-enabled row whether or not
the pixel is to be (subsequently) opened. If a pixel 2442 is to
be opened, the control matrix 2440 applies a data voltage V ,,
for example 5V, to the data interconnect 2448 corresponding
to the column in which that pixel 2442 is located (step 2478).
The voltage V, applied to the data interconnect 2448 is
thereby caused to be stored by means of a charge on the data
store capacitor 2459 of the selected pixel 2442 (step 2479). If
at decision block 2476, it is determined that a pixel 2442 is to
be closed, the corresponding data interconnect 2448 is
grounded (step 2480). Although the temporary (or reset) posi-
tion after step 2488 in this example is defined as the shutter-
close position, alternative shutter assemblies can be provided
in which the reset position after 2488 is a shutter-open posi-
tion. In these alternative cases, the application of data voltage
V ;, at step 2478, would result in the opening of the shutter.

The application of V,,, to the scan-line interconnect 2446
for the write-enabled row turns on all of the write-enable
transistors 2457 for the pixels 2442 in the corresponding scan
line. The control matrix 2440 selectively applies the data
voltage to all columns of a given row in the control matrix
2440 at the same time while that row has been write-enabled.
After all data has been stored on capacitors 2459 in the
selected row (steps 2479 and 2481), the control matrix 2440
grounds the selected scan-line interconnect (step 2482) and
selects a subsequent scan-line interconnect for writing (step
2485). After the information has been stored in the capacitors
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for all the rows in control matrix 2440, the decision block
2484 is triggered to begin the global actuation sequence.

The actuation sequence begins at step 2486 of method
2470, with the application of an actuation voltage V ,, e.g. 40
V, to the charge interconnect 2450. As a consequence of step
2486, the voltage V,, is now imposed simultaneously across
all of the shutter-close actuators of all the shutter assemblies
2444 in control matrix 2440. Next, at step 2487, the potential
on the common drive interconnect 2462 is grounded. In this
first control logic (with the shutter common potential 2455
held near to ground) a grounded common drive interconnect
2462 reduces the voltage drop across all of the shutter-open
actuators of all shutter assemblies 2444 to a value substan-
tially below the maintenance voltage V. The control matrix
2440 then continues to maintain these actuator voltages (from
steps 2486 and 2487) for a period of time sufficient for all
actuators to actuate (step 2488). For the example given in
method 2470, step 2488 acts to reset and close all actuators
into an initial state. Alternatives to the method 2470 are pos-
sible, however, in which the reset step 2488 acts to open all
shutters. For this case the common drive interconnect 2462
would be electrically connected to the shutter-closed actuator
of all shutter assemblies 2444.

At the next step 2490 the control matrix grounds the charge
interconnect 2450. The electrodes on the shutter-close actua-
tors in shutter assembly 2444 provide a capacitance which
stores a charge after the charge interconnect 2450 has been
grounded and the charging transistor 2456 has been turned
off. The stored charge acts to maintain a voltage in excess of
the maintenance voltage V,, across the shutter-close actuator.

After all actuators have been actuated and held in their
closed position by a voltage in excess of V ,,, the data stored in
capacitors 2459 can now be utilized to set an image in control
matrix 2440 by selectively opening the specified shutter
assemblies (steps 2492-2494). First, the potential on the glo-
bal actuation interconnect 2454 is set to ground (step 2492).
Step 2492 makes it possible for the discharge switch transis-
tor 2458 to turn-on in accordance to whether a data voltage
has been stored on capacitor 2459. For those pixels in which
avoltage has been stored on capacitor 2459, the charge which
was stored on the shutter-close actuator of shutter assembly
2444 is now allowed to dissipate through the global actuation
interconnect 2454.

Next, at step 2493, the voltage on the common drive inter-
connect 2462 is returned to the actuation voltage V ,, or is set
such that the potential difference between the common drive
interconnect 2462 and the shutter common interconnect 2455
is greater than an actuation voltage V.. The conditions for
selective actuation of the pixels have now been set. For those
pixels in which a charge (or voltage V) has been stored on
capacitor 2459, the voltage difference across the shutter-close
actuator will now be less than the maintenance voltage V,,
while the voltage across the shutter-open actuator (which is
tied to the common drive 2462) will at V. These selected
shutters will now be caused to open at step 2494. For those
pixels in which no charge has been stored on capacitor 2459,
the transistor 2458 remains off and the voltage difference
across the shutter-close actuator will be maintained above the
maintenance voltage V.. Even though a voltage V , has been
imposed across the shutter-open actuator, the shutter assem-
bly 2444 will not actuate at step 2494 and will remain closed.
The control matrix 2440 continues to maintain the voltages
set after steps 2492 and 2493 for a period of time sufficient for
all selected actuators to actuate during step 2494. After step
2494, each shutter is in its addressed state, i.e., the position
dictated by the data voltages applied during the addressing
and actuating method 2470.
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To set an image in a subsequent video frame, the process
begins again at step 2472.

In alternate embodiments, the positions of the steps 2486
and 2487 in the sequence can be switched, so that step 2487
occurs before step 2486.

In the method 2470, all of the shutters are closed simulta-
neously during the time between step 2488 and step 2494, a
time in which no image information can be presented to the
viewer. The method 2470, however, is designed to minimize
this dead time (or reset time), by making use of data store
capacitors 2459 and global actuation interconnect 2454 to
provide timing control over the transistors 2458. By the action
of step 2472, all of the data for a given image frame can be
written to the capacitors 2459 during the addressing sequence
(steps 2474-2485), without any immediate actuation effect on
the shutter assemblies. The shutter assemblies 2444 remain
locked in the positions they were assigned in the previous
image frame until addressing is complete and they are uni-
formly actuated or reset at step 2488. The global actuation
step 2492 allows the simultaneous transfer of data out of the
data store capacitors 2459 so that all shutter assemblies can be
brought into their next image state at the same time.

As with the previously described control matrices, the
activity of an attached backlight can be synchronized with the
addressing of each frame. To take advantage of the minimal
dead time offered in the addressing sequence of method 2470,
a command to turn the illumination off can be given between
step 2484 and step 2486. The illumination can then be turned-
on again after step 2494. In a field-sequential color scheme, a
lamp with one color can be turned off after step 2484 while a
lamp with either the same or a different color is turned on after
step 2494.

In other implementations, it is possible to apply the method
2470 of FIG. 25 to a selected portion of the whole array of
pixels, since it may be advantageous to update different areas
or groupings of rows and columns in series. In this case a
number of different charge interconnects 2450, global actua-
tion interconnects 2454, and common drive interconnects
2462 could be routed to selected portions of the array for
selectively updating and actuating different portions of the
array.

As described above, to address the pixels 2442 in the con-
trol matrix 2440, the data voltage V , can be significantly less
than the actuation voltage V,, (e.g., 5V vs. 40V). Since the
actuation voltage V , is applied once a frame, whereas the
data voltageV ;may be applied to each data interconnect 2448
as may times per frame as there are rows in the control matrix
2440, control matrices such as control matrix 2440 may save
a substantial amount of power in comparison to control matri-
ces which require a data voltage to be high enough to also
serve as the actuation voltage.

It will be understood that the embodiment of FIG. 24
assumes the use of n-channel MOS transistors. Other embodi-
ments are possible that employ p-channel transistors, in
which case the relative signs of the bias potentials V ,and V ,
would be reversed.

In operation, the control matrix alternates between two
control logics as described with respect to control method
1000 of FIG. 10, or with respect to control matrix 1400 of
FIG. 14. The two control logics provide a periodic polarity
reversal and thereby ensure a0V DC average operation across
the shutter assemblies 2442. To achieve polarity reversal in
the second control logic several of the voltage assignments
illustrated and described with respect to method 2470 of FIG.
25 are changed, although the sequencing of the control steps
remains the same.
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In the second control logic, the potential on the shutter
common interconnect 2455 is maintained at a voltage near to
V , (instead of near ground as was the case in the first control
logic). In the second control logic, at step 2478, where the
logic is set for the opening of a shutter assembly, the data
interconnect 2448 is grounded instead of taken to V ;. At step
2480, where the logic is set for the closing of a shutter assem-
bly, the data interconnect is taken to the voltage V . Step 2486
remains the same, but at step 2487 the common drive inter-
connect is set to the actuation voltage V ,, in the second control
logic instead of to ground. At the end of step 2487 in the
second control logic, therefore, each of the shutter common
interconnect 2455, the common drive interconnect 2462, and
the charge interconnect 2450 are set to the same voltage V.
The image setting sequence then continues with grounding of
the global actuation interconnect 2454 at step 2492—which
has the effect in this second logic of closing only those shut-
ters for which a voltage V, was stored across the capacitor
2459. At step 2493 in the second control logic the common
drive interconnect 2462 is grounded. This has the effect of
actuating and opening any shutters that were not otherwise
actuated at step 2492. The logical state expressed at step
2494, therefore, is reversed in the second control logic, and
the polarities are also effectively reversed.

Generally speaking any of the control matrices 1100, 1300,
1400,1500, or 1700, which were illustrated through the use of
single-actuated or elastic shutter assemblies, can be adapted
advantageously for use with a dual-actuated shutter assembly
such as 1904 by reproducing the control circuit in mirror
fashion for each of the open and closed actuators. As shown in
method 800 of FIG. 8, the data supplied to the data-open
interconnects and the data-closed interconnects will often be
complementary, i.e. If a logical “1” is supplied to the data-
open interconnect then a logical “0” will typically be supplied
to the data closed interconnect. In additional alternative
implementations, the control matrices can be modified to
replace the transistors with varistors.

In alternative implementations, the control matrix keeps
track of the prior position of each pixel and only applies
positions to the data interconnects corresponding to a pixel if
the state of the pixel for the next image frame is different than
the prior position. In another alternative embodiment, the
pixels include mechanically bi-stable shutter assemblies
instead of just electrically bi-stable shutter assemblies. In
such an embodiment, the charge trigger transistors can be
replaced with resistors and the charge trigger interconnect can
be omitted from the control matrix, as described above in
relation to FIG. 18. The dual control logic used by control
matrix 1400 may also be utilized in other implementations of
control matrix 1800.

FIG. 26 is a schematic diagram of yet another suitable
control matrix 2640 for inclusion in the display apparatus
100, according to an illustrative embodiment of the invention.
Control matrix 2640 controls an array of pixels 2642 that
include dual-actuator shutter assemblies 2644 (i.e., shutter
assemblies with both shutter-open and shutter-close actua-
tors). The actuators in the shutter assemblies 2004 can be
made either electrically bi-stable or mechanically bi-stable.

Control matrix 2640 is substantially the same as control
matrix 2440, with two changes: a charge trigger interconnect
2652 has been added and a pMOS transistor has been substi-
tuted for the charging transistor 2656 instead of the nMOS
transistor as was indicated at 2456.

The control matrix 2640 utilizes a dual-actuator shutter
assembly 2644 along with a common drive interconnect
2662. For the example given in control matrix 2640 the com-
mon drive interconnect 2662 is electrically connected to the
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shutter-open actuator of the shutter assembly 2644. Despite
the presence of a dual-actuator shutter assembly 2644, the
control matrix 2640 includes only a single data interconnect
2648 for each column of pixels 2642 in the control matrix.

The control matrix 2640 includes a scan-line interconnect
2646 for each row of pixels 2642 in the control matrix 2640.
The control matrix 2640 further includes a charge intercon-
nect 2650, a charge trigger interconnect 2652, a global actua-
tion interconnect 2654, and a shutter common interconnect
2655. The interconnects 2650, 2654, 2655, and 2662 are
shared among pixels 2642 in multiple rows and multiple
columns in the array. In one implementation (the one
described in more detail below), the interconnects 2650,
2654, 2655, and 2662 are shared among all pixels 2642 in the
control matrix 2640.

Each pixel 2642 in the control matrix includes a shutter
charge transistor 2656, a shutter discharge transistor 2658, a
shutter write-enable transistor 2657, and a data store capaci-
tor 2659 as described in FIGS. 16 and 18. For the example
given in control matrix 2644 the drain of the shutter discharge
transistor is connected to the shutter-close actuator of the
shutter assembly 2644.

The control matrix 2640 makes use of two complementary
types of transistors: both p-channel and n-channel transistors.
It is therefore referred to as a complementary MOS control
matrix or a CMOS control matrix. While the charging tran-
sistor 2656 is made of the pMOS type, the discharge transistor
2658 is made of'the nMOS type of transistor. (In other imple-
mentations the types of transistors can be reversed, for
example nMOS transistors can be used for the charging tran-
sistors and pMOS transistors can be used for the discharge
transistors.) The use of a charge trigger interconnect along
with the CMOS circuit helps to reduce the set of voltage
variations required to achieve shutter actuation.

With the use of the charge trigger interconnect 2652, the
control circuit 2640 is wired to the charging transistor 2656 in
a fashion similar to that of control matrix 1600. Only the
source of pMOS ftransistor 2656 is connected to the charge
interconnect 2650 while the gate is connected to the charge
trigger interconnect 2652. Throughout operation, the charge
interconnect 2650 is maintained at a constant voltage equal to
the actuation voltage V.. The charge trigger interconnect
2652 is maintained at the same voltage (V,,,) as that of the
charge interconnect whenever the charge transistor 2656 is to
beheld inthe off state. In order to turn-on the charge transistor
2656, the voltage on the charge trigger interconnect 2652 is
reduced so that the voltage difference between charge inter-
connect 2650 and interconnect 2652 is greater than the
threshold voltage of the transistor 2656. Threshold voltages
can vary in a range from 2 to 8 volts. In one implementation
where the transistor 2656 is a pMOS transistor, both the
charge interconnect 2650 and the charge trigger interconnect
2652 are held at a V , of 40 volts when the transistor 2656 is
off. In order to turn transistor 2656 on, the voltage on the
charge interconnect 2650 would remain at 40 volts while the
voltage on the charge trigger interconnect 2652 is temporarily
reduced to 35 volts. (If an nMOS transistor were to be used at
the point of transistor 2656, then the V,, would be —40 volts
and a charge trigger voltage of 35 volts would be sufficient
to turn the transistor on.)

A method for addressing and actuating pixels in control
matrix 2640 is similar to that of method 2470, with the fol-
lowing changes. At step 2486 the voltage on the charge trigger
interconnect is reduced from V,, to V,, minus a threshold
voltage. Similar to the operation of method 2470 all of the
shutter-closed actuators then become charged at the same
time, and at step 2488 all shutters will close while a constant
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voltage V , is maintained across the shutter close actuator. In
another modification to the method 2470, at step 2490, the
charge interconnect 2650 is allowed to remain at V ,, while the
transistor 2656 is turned off by returning the voltage on the
charge trigger interconnect 2652 to V ,,. After the transistor
2656 is turned off, the actuation procedure proceeds to the
global actuation step 2492.

The actuator charging process at step 2486 in method 2470
can be accomplished as described above for control matrix
2640 with nearly zero voltage change on the charge intercon-
nect 2650 and only a minimal (threshold voltage) change
required for the charge trigger interconnect 2652. Therefore
the energy required to repeatedly change the voltage from Vat
to ground and back is saved in this control matrix. The power
required to drive each actuation cycle is considerably reduced
in control matrix 2640 as compared to control matrix 2440.

In a similar fashion, the use of complementary nMOS and
pMOS transistor types can be applied to the charging transis-
tors in control matrices 1500, 1600, 1700, 1800, 1900, 2000,
2100, 2200, and 2300 to reduce the power required for actua-
tion.

FIG. 27 is a schematic diagram of another control matrix
2740 suitable for inclusion in the display apparatus 100,
according to an illustrative embodiment of the invention.
Control matrix 2740 operates in a manner substantially simi-
lar to that of control matrix 2440, except that some of the
circuit elements are now shared between multiple shutter
assemblies in the array of shutter assemblies. In addition
several of the common interconnects are wired into separate
groups, such that each of these common interconnects are
shared only amongst the pixels of their particular group.

The control matrix 2740 includes an array of dual-actuator
shutter assemblies 2744. Similar to the control matrix 2440,
however, the control matrix 2740 includes only a single data
interconnect 2748 for each column of pixels 2742 in the
control matrix. The actuators in the shutter assemblies 2744
can be made either electrically bi-stable or mechanically bi-
stable.

The control matrix 2740 includes one scan-line intercon-
nect 2746 which is shared amongst four consecutive rows of
pixels 2742 in the array of pixels. Each pixel in the array is
also connected to a global actuation interconnect, a common
drive interconnect, a charge interconnect, and a shutter com-
mon interconnect. For the embodiment illustrated in FIG. 27,
however, the pixels are identified as members of four separate
groups which are connected in common only to certain inter-
connects within their particular group. The pixels 2742A, for
instance, are aligned along the first row and are members of
the first group in control matrix 2740. Each pixel in the group
of pixels that include pixels 2742A is connected to a global
actuation interconnect 2754 A and a common drive intercon-
nect 2762A. The pixels 2742B are aligned along the second
row and are members of the second group in control matrix
2740. Each pixel in the group of pixels 2742B is connected to
a global actuation interconnect 2754B and a common drive
interconnect 2762B. Similarly the pixels 2742C in the third
row are members of the third group of pixels which are
connected in common to global actuation interconnect 2754C
and common drive interconnect 2762C. Similarly the pixels
2742D in the third row are members of the third group of
pixels which are connected in common to global actuation
interconnect 2754D and common drive interconnect 2762D.
The sequential pattern of rows including pixels 2742A,
27428, 2742C, and 2742D is repeated for rows that continue
both above and below the pixels illustrated in FIG. 27. Each
group of four rows includes a single scan line interconnect
2746 which is shared between the four rows.
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The global actuation interconnects 2754 A, 27548, 2754C,
and 2754D are electrically independent of each other. A glo-
bal actuation signal applied to the interconnect 2754A may
actuate all pixels 2742 A within that row of the array, as well
as all pixels in similarly connected rows (that occur in every
fourth row of the array). A global actuation signal applied to
the interconnect 2754A, however, will not actuate any of the
pixels in the other groups, e.g. it will not actuate the pixels
27428, 2742C, or 2742D. In a similar fashion the common
drive interconnects 2762A, 2762B, 2762C, and 2762D are
electrically independent, connecting to all pixels within their
particular group but not to any pixels outside of their group.

The control matrix 2740 further includes a charge inter-
connect 2750 and a shutter common interconnect 2755. The
interconnects 2750 and 2755 are shared among pixels 2742 in
multiple rows and multiple columns in the array. In one
implementation (the one described FIG. 27), the intercon-
nects 2750 and 2755 are shared among all pixels 2742 in the
control matrix 2740.

Each pixel 2742 in the control matrix includes a shutter
charge transistor 2756 and a shutter discharge transistor 2758.
As described in FIG. 16B and FIG. 24 the charge transistor
2756 is connected between the charge interconnect 2750 and
the shutter-closed actuator of shutter assemblies 2744 in each
pixel. The shutter discharge transistor 2758 is connected
between the shutter assembly 2744 and the particular global
actuation interconnect 2754A, 27548, 2754C, or 2754D
assigned to its group. For the example given in control matrix
2740 the common drive interconnects 2762A, 27628, 2762C,
and 2762D are electrically connected to the shutter-open
actuators of the shutter assemblies 2744 within their particu-
lar groups.

Near to the intersection of each data interconnect 2748 and
each scan line interconnect 2746 is a write-enable transistor
2757, and a data store capacitor 2759. The transistors 2757
and capacitor 2759 appear in each column but, like the scan
line interconnect 2746, they appear only once in every four
rows. The function of these circuit elements is shared between
the pixels in each of the four adjacent rows. A fan-out inter-
connect 2766 is used to connect the charge stored on the
capacitor 2759 to the gates on each of the shutter discharge
transistors 2758 within the column for the four adjacent rows.

The operation of shutter assemblies 2744 is very similar to
that described for control matrix 2440 in method 2470. The
difference is that, for control matrix 2740, the addressing and
actuating of the pixels is carried out independently and during
separate time intervals for each of the four pixel groups
2742A, 27428, 2742C, and 2742D. For the embodiment of
FIG. 27 the addressing for the pixels in group 2742A would
proceed by applying Voff to the global actuation interconnect
2754 A and applying a write-enable voltage to each of the scan
line interconnects 2746 in turn. During the time that a scan
line is write-enabled the data corresponding to each of the
pixels of group A assigned to a particular scan line is loaded
into the capacitor 2759 by means of the data interconnect
2748 in each column. After the addressing of the scan lines in
the whole array is complete, the control matrix then proceeds
to an actuation sequence as described from step 2486 to step
2494 in the method 2470. Except, for control matrix 2740, the
data is loaded for only one group of pixels at a time (e.g. the
pixels 2742A in group A) and the actuation proceeds by
activating only the global actuation interconnect (2754 A) and
the common drive interconnect (2762A) for that particular
group of pixels.

After actuation of pixels 2742A is complete, the control
matrix proceeds with the loading of data into the second
group of pixels, e.g. 2742B. The addressing of the second

10

15

20

25

30

35

40

45

50

55

60

65

56

group of pixels (group B) proceeds by use of the same set of
scan line interconnects 2746, data interconnects 2748, and
data store capacitors 2759 as were employed for group A. The
data stored in capacitors 2759 will only affect the actuation of
the pixels 2742B in group B, however, since this data can only
be transferred to the shutter assemblies of their particular
group after actuation by means of the global actuation inter-
connect for the group, 2754B. The selective actuation of each
the four pixel groups is accomplished by means of the inde-
pendent global actuation interconnects 2754A, 2754B,
2754C, or 2754D and independent common drive intercon-
nects 2762A, 2762B, 2762C, or 2762D.

In order to address and actuate all pixels in the array it is
necessary to address and actuate the pixels in each of the four
pixel groups 2742 A, 2742B, 2742C, and 2742D sequentially.
Considerable space savings, however, is accomplished in the
array since the write enable transistors 2757 and the data store
capacitors 2759 only need to be fabricated once for each
adjacent set of four rows.

For the embodiment given in FIG. 27 the pixels in the array
have been broken into four groups A, B, C, and D. Other
embodiments are possible, however, in which the array can be
broken into only 2 groups, into 3 groups, into 6 groups, or into
8 groups. In all of these cases the pixels of a group are
connected in common to their own particular global actuation
interconnect and common drive interconnect. For the case of
2 groups the scan line interconnect, the write-enable transis-
tor, and the data store capacitor would appear in every other
row. For the case of 6 groups the scan line interconnect, the
write-enable transistor, and the data store capacitor would
appear in every sixth row.

For the embodiment given in FIG. 27 the charge intercon-
nect 2750 and shutter common interconnect 2755 are shared
among pixels 2742 in multiple rows and multiple columns in
the array. In other embodiments the charge interconnects and
shutter common interconnects can also be assigned and
shared only among particular groups, such as groups A, B, C,
and D.

The sharing of actuation interconnects amongst distinct
groups, and the sharing of scan line interconnects, write-
enable transistors, and data store capacitors amongst adjacent
rows has been described in an implementation particular to
the control matrix 2440. Similar sharing of pixel elements,
however, can be adopted with respect to a number of other
control matrices, such as control matrices 1400, 1500, 1600,
1640, 1700, 1800, 1900, 2000, 2100, 2200, 2300, and 2640.
Voltage vs. Charge Actuation

As described above, in various embodiments of the inven-
tion, the MEMS-based light modulators used to form an
image utilize electrostatic actuation, in which opposing
capacitive members are drawn together during an actuation
event. In some actuator implementations, depending on the
geometry of the electrostatic members, the force drawing the
capacitive members will vary in relation to the voltage
applied across the electrostatic members. If the charge stored
on the actuator is held constant, then the voltage and thus the
force attracting the capacitive members, may decrease as the
capacitive beams draw closer together. For such actuators, it
is desirable to maintain a substantially constant voltage
across the capacitive members to maintain sufficient force to
complete actuation. For other actuator geometries (e.g., par-
allel plate capacitors), force is proportional to the strength of
the electric field between the capacitive portions of the actua-
tor, the electric field likewise being proportional to the
amount of charge stored on the capacitive members. In such
actuators, if an elastic restoring force is present which
increases as capacitive members draw together, it may be
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necessary to increase the stored charge on the members to
complete the actuation. An increase in stored charge and
therefore the force of actuation can be accomplished by con-
necting the actuator to a source of charge, i.e. a constant
voltage source.

Control matrix 1900 of FIG. 19 operates in conditions in
which actuators are electrically isolated from a source of
charge during actuation. Prior to actuation of either of the two
actuators included in the pixel, charge yielding a voltage
sufficient to initiate actuation of both actuators V ,,, absent a
maintenance voltage, is stored directly on each actuator. The
actuators are then isolated from external voltage sources. Ata
later date, the charge stored on one of the actuators is dis-
charged. The non-discharged actuator then actuates based
solely on the constant charge previously stored on the actua-
tor.

FIG. 28 includes three charts that illustrate the variations in
electrostatic parameters that result from movement of por-
tions of electrostatic actuators in various implementations of
the invention. The chart labeled Case A in FIG. 28 illustrates
the variations in parameters associated with the actuation of
the actuator of a pixel from control matrix 1900 from an open
position to a closed position. During actuation, since the
actuator is electrically isolated, the charge remains constant.
As the capacitive members draw closer together, the voltage
decreases and the capacitance increases. To ensure proper
actuation, the initial voltage applied to the actuator is prefer-
ably high enough such that as the voltage decreases resulting
from motion of portions of the actuator, the resulting voltage
is still sufficient to fully actuate the actuator.

To help ensure proper actuation without applying what
might otherwise be an unnecessarily high voltage across the
capacitive members of an actuator, a control matrix can incor-
porate a voltage regulator in electrical communication with
the actuator during actuation of the actuator. The voltage
regulator maintains a substantially constant voltage on the
actuator during actuation. As aresult, as the capacitance of the
actuator increases as the capacitive elements draw closer
together, additional charge flows into the capacitive members
to maintain the voltage across the capacitive members,
thereby maintaining the voltage level, increasing the electric
field, and increasing the attractive force between the capaci-
tive members. Thus, the voltage regulator substantially limits
variations in voltage that would otherwise be caused by
movement of portions of the actuators during actuation.

Voltage regulators can be included in each pixel in a control
matrix, for example, as stabilizing capacitors connected to the
capacitive members of the actuators. Control matrices 500,
700, 900, 1400, 1500, 1640, 1800, 2000, and 2100 include
such stabilizing capacitors. The impact of such a stabilizing
capacitor is depicted in the chart labeled as Case B in FIG. 28.
In such implementations, as the capacitive members of an
actuator draw closer together, charge stored on the stabilizing
capacitor flows into the capacitive member maintaining a
voltage equilibrium between the stabilizing capacitor and the
actuator. Thus, the voltage on the actuator decreases, but less
so than in control matrices without a stabilizing capacitor.
Preferably, the stabilizing capacitor is selected such that dur-
ing actuation, the variation in the voltage on the actuator is
limited to less than about 20% of V . In other implementa-
tions, a higher capacitance capacitor is selected such that
during actuation, the variation in the voltage on the actuator is
limited to less than about 10% of V ,. In still other implemen-
tations, the stabilizing capacitor is selected such that during
actuation, the variation in the voltage on the actuator is lim-
ited to less than about 5% of V,,,.
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Alternatively, display drivers may serve as voltage regula-
tors. The display drivers output a DC actuation voltage. In
some implementations, the voltage may be substantially con-
stant throughout operation of the display apparatus in which
itis incorporated. In such implementations, the application of
the voltage output by the display drivers is regulated by tran-
sistors incorporated into each pixel in the control matrix. In
other implementations, the display drivers switch between
two substantially constant voltage levels according. In such
implementations, no such transistors are needed. In some
implementations the pixels are connected to the display driv-
ers by means of a voltage actuation interconnect. In some
implementations, such as control matrix 2640, a voltage
actuation interconnect such as interconnect 2662, can be a
global common interconnect, meaning that it connects to
pixels in at least two rows and two columns of the array of
pixels.

Control matrices 600, 1100, 1300, 1600, 1700, 1900, 2200,
2300, 2440, 2640, and 2740 include voltage regulators in the
form of connections to voltage sources. As illustrated in Case
C of FIG. 28, as the capacitive members of an electrostatic
actuator connected to a voltage source draw together, the
voltage across the capacitive members remains substantially
constant. To maintain the constant voltage despite increasing
capacitance, additional charge flows into the capacitive mem-
bers as the capacitance of the actuator increases.

Gray Scale Techniques
Field Sequential Color

The display apparatus 100 provides high-quality video
images using relatively low power. The optical throughput
efficiency of a shutter-based light valve can be an order of
magnitude higher than afforded by liquid crystal displays,
because there is no need for polarizers or color filters in the
production of the image. As described in U.S. patent applica-
tion Ser. No. 11/218,690, filed on Sep. 2, 2005, a regenerative
light guide can be designed which allows for 75% of'the light
produced in a backlight to be made available to a viewer.

Without the use of color filters, one method for producing
video images in a shutter-based display is the use of field-
sequential color. Color filters reduce the optical efficiency by
>60% through absorption in the filters. Displays utilizing
field sequential color instead use a backlight which produces
pure red, green and blue light in an ordered sequence. A
separate image is generated for each color. When the separate
color images are alternated at frequencies in excess of 50 Hz,
the human eye averages the images to produce the perception
of'a single image with a broad and continuous range of colors.
Efficient backlights can now be produced that allow fast
switching between pure colors from either light-emitting
diode (LED) sources or electroluminescent sources.

The control matrices illustrated in FIGS. 5, 6, 7, 9, 11,
13-19 provide means for generating color-specific images
(color sub-frame images), with accurate gray-tones, and the
means for switching between color images in rapid fashion.

Formation of accurate images with field-sequential color
can be improved by synchronization between the backlight
and the pixel addressing process, especially since it requires
afinite period of time to switch or reset each pixel between the
required states of each color sub-frame. Depending on the
control matrix used to address and actuate the pixels, if the
option of global actuation is not employed, then the image
controller may need to pause at each row or scan line of the
display long enough for the mechanical switching or actua-
tion to complete in each row. If the backlight were to broadly
illuminate the whole display in a single color while the dis-
play controller was switching states, row by row, between 2
color images, then the resulting contrast would be confused.
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Consider two examples illustrating the blanking times that
can be employed with the backlight during resetting of an
image between colors in a synchronized display. If the shut-
ters require 20 microseconds to actuate or move between
open and closed states, if the shutters are actuated in a row-
by-row fashion, and if there are 100 rows, then it would
require 2 milliseconds to complete the addressing. The syn-
chronized backlight might then be turned-off during those 2
milliseconds. Note that if the display runs at a 60 Hz frame
rate with 3 colors per frame, then there is only 5.6 msec
allowed per color sub-frame and, in this example, the back-
light would be off 36% of the time.

Alternately, when using a global actuation scheme for
switching between color sub-frames, the same resetting of the
image would require only 20 microseconds for the simulta-
neous movement of all shutters between images. The require-
ments for shutter speed are now substantially relaxed. If,
during the color reset, the backlight were to be off for as much
as 100 microseconds, the percentage of illumination time at
60 Hz frame rate is now better than 98%. Assuming a 100
microsecond image refresh time, it is now possible to increase
the frame rate to 120 Hz with no substantial loss in illumina-
tion time. Using a frame rate of 120 Hz substantially reduces
image artifacts induced by field sequential color, such as color
breakup in fast moving video images.

Gray Scale

The number of unique colors available in the display is
dependant in part on the levels of gray scale that are available
within each of the three color images. Four principle methods
of producing gray scale and combinations thereof are appli-
cable to the transverse shutter displays.

Analog Gray Scale

The first method of producing gray scale is an analog
method, by which the shutters are caused to only partially
obstruct an aperture in proportion to the application of a
partial actuation voltage. Transverse shutters can be designed
such that the percent of transmitted light is proportional to an
actuation voltage, for instance through control of the shape of
the actuation electrodes as described above in relation to FIG.
2 and in more detail in U.S. patent application Ser. No.
11/251,035 referenced above.

For analog gray scale, the display apparatus is equipped
with a digital to analog converter such that the voltage deliv-
ered to the pixels is proportional to the intended gray scale
level. The proportional voltage on each actuator is maintained
throughout the period of an image frame such that the pro-
portional shutter position is maintained throughout the illu-
mination period. The optional use of a capacitor placed in
parallel with the actuators in FIGS. 2 and 17 helps to ensure
that, even though some charge may leak from the pixel during
the time of illumination, the voltage does not change appre-
ciably so as to alter the shutter position during the period of
illumination.

The analog gray scale has the advantage of requiring only
1 shutter in motion per pixel and the setting of only 1 image
frame during the period of each color illumination. The data
rates and addressing speeds for analog gray scale are there-
fore the least demanding amongst all alternative methods of
gray scale.

Time Division Gray Scale

With proper design of the transverse shutter, a low voltage
switching can be achieved which is fast. Transversely driven
shutter assemblies, as described in U.S. patent application
Ser. No. 11/251,035 referenced above, can be built having
actuation times in the range of 3 microseconds to 100 micro-
seconds. Such rapid actuation makes possible the implemen-
tation of time division gray scale, wherein the contrast is
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achieved by controlling the relative on-times or duty cycles of
the actuated shutters. A time division gray scale can be imple-
mented using digital gray scale coding, in that control matri-
ces incorporating bi-stable shutter assemblies recognize two
states of shutter actuation, on or off. Gray scale is achieved by
controlling the length of time a shutter is open.

The switching times can be appreciated by assuming the
case of a 60 Hz frame rate with field sequential color. Each
color sub-frame is allotted 5.6 msec. If the available time
interval were to be divided into 63 segments (6-bit gray scale
per color), then the smallest increment of on-time for each
image, known as the least significant bit time (LLSB), would be
88 microseconds. If an image for the LSB time-bit were to be
constructed and displayed using a global actuation scheme,
then the actuation of all shutters would need to be completed
in significantly less than the 88 microsecond L.SB time. Ifthe
display is addressed in a row-by-row basis then the time
available for reset at each row is considerably less. For a
display with 100 rows, the available actuation time can be less
than 0.5 microseconds per row. A number of controller algo-
rithms are possible for relaxing the time intervals required for
addressing shutters in a row-by-row scheme (see for example
N. A. Clark et al., Ferroelectrics, v. 46, p. 97 (2000)), but in
any case the time required for shutter actuation in the 6-bit
gray scale example is considerably less than 20 microsec-
onds.

Achieving multiple bits of gray scale through the use of
time division multiplexing requires significant power in the
addressing circuitry, since the energy lost in the actuation
cycleis Y5 CV? for each pixel through each refresh or address-
ing cycle in the control scheme (C is the capacitance of the
pixel plus control electrodes and V is the actuation voltage).
The circuit diagrams of FIGS. 11 and 13-19 reduce power
requirements by decoupling and reducing the addressing
voltages (the voltages required on the scan lines and data
lines) from the actuation voltages (the voltages required to
move a shutter).

Area Division Gray Scale

Another method that can reduce the addressing speed and
power requirements of the time division gray scale is to allow
for multiple shutters and actuators per pixel. A 6 bit binary
time-division scheme (63 required time slots) can be reduced
to a 5 bit time scheme (31 required time slots) by adding the
availability of an additional gray scale bitin the spatial or area
domain. The additional spatial bit can be accomplished with
2 shutters and apertures per pixel, especially if the shutters/
apertures have unequal area. Similarly, if 4 shutters (with
unequal areas) are available per pixel then the number of
required time bits can be reduced to 3 with the result still
being an effective 64 levels of gray scale per color.
Ilumination Gray Scale

Another method that can relax the speed and/or real estate
requirements for the above gray scale techniques is use of an
illumination gray scale. The contrast achieved through the
illumination of the color image can be adjusted or given finer
gray levels by means of altered intensity from the backlight.
If the backlight is capable of fast response (as in the case of
LED backlights), then contrast can be achieved by either
altering the brightness of the backlight or the duration of its
illumination.

Let us consider one example, wherein it is assumed that the
control matrix utilizes a global actuation scheme and that
time division gray scale is accomplished through construc-
tion and display of distinct time-bit images illuminated for
differing lengths of time. Take for example a 4-bit binary time
coding scheme accomplished by dividing the color frame into
15 time slots. The image that is constructed for the shortest
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(LSB) time should be held for %15 of the available frame time.
In order to expand to a 5-bit coding scheme one could, in the
time domain, divide the color frame into 31 time slots, requir-
ing twice the addressing speed. Alternately, one could assign
only 16 time slots and assign to one of these time slots an
image that is illuminated at only %% the brightness or by a
backlight that is flashed for an on period of only Y1 of the
frame time. As many as 3 additional bits of gray scale can be
added on top of a 4 bit time-division coding scheme by adding
these short time-duration images accompanied by partial illu-
mination. If the partial illumination bits are assigned to the
smallest of the time slices, then a negligible loss of average
projected brightness will result.
Hybrid Gray Scale Schemes

The four principle means of gray scale are analog gray
scale, time division gray scale, area division gray scale, and
illumination gray scale. It should be understood that useful
control schemes can be constructed by combinations of any of
the above methods, for instance by combining the use of time
division, area division and the use of partial illumination.
Further divisions of gray scale are also available through
interpolation techniques, also known as dither. Time domain
dither includes the insertion of L.SB time bits only in an
alternating series of color frames. Spatial domain dither, also
known as half-toning, involves the control or opening of a
specified fraction of neighboring pixels to produce localized
areas with only partial brightness.

The invention may be embodied in other specific forms
without departing from the spirit or essential characteristics
thereof. The forgoing embodiments are therefore to be con-
sidered in all respects illustrative, rather than limiting of the
invention.

What is claimed is:
1. A display apparatus comprising:
a substrate;
an array of pixels formed on the substrate including, for
each pixel, a light modulator including a first movable
electrostatic actuator; and
a voltage regulator that limits variation in a voltage across
the first movable electrostatic actuator, wherein the
variation in the voltage is caused by a movement of at
least a portion of the first movable electrostatic actuator.
2. The display apparatus of claim 1, wherein the voltage
regulator includes a display driver including a DC voltage
source.
3. The display apparatus of claim 1, wherein the light
modulators are controlled by active circuitry.
4. The display apparatus of claim 3, wherein the active
circuitry includes at least one TFT.
5. The display of claim 4, wherein the active circuitry
includes, for each pixel, a write-enabling interconnect for
enabling the pixel to respond to a data voltage and a data
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voltage interconnect for applying the data voltage to a data
switch, thereby controlling the state of the light modulator of
the pixel.

6. The display apparatus of claim 5, comprising for a pixel,
an actuation voltage interconnect, distinct from the data volt-
age interconnect, for connecting the first movable electro-
static actuator to the display driver.

7. The display apparatus of claim 6, comprising, for a pixel,
a switch, other than the data switch, for controlling the appli-
cation of the voltage output by the display driver to the first
movable electrostatic actuator.

8. The display apparatus of claim 1, wherein each pixel
includes a voltage regulator.

9. The display apparatus of claim 8, wherein the voltage
regulator includes a capacitor in electrical communication
with the first electrostatic actuator.

10. The display apparatus of claim 1, comprising a voltage
inverter.

11. The display apparatus of claim 10, wherein the voltage
inverter includes a CMOS circuit.

12. The display apparatus of claim 1, wherein each light
modulator includes a second electrostatic actuator for apply-
ing a force opposing a force applied by the first actuator.

13. The display apparatus of claim 12, comprising, for a
pixel, a flip-flop electrically coupling the first movable elec-
trostatic actuator and the second electrostatic actuator.

14. The display apparatus of claim 13, comprising, for a
pixel, a cross-coupled inverter electrically coupling the first
movable electrostatic actuator and the second electrostatic
actuator.

15. The display apparatus of claim 1, wherein the light
modulators includes MEMS shutter-based light modulators.

16. A display apparatus comprising:

an array of pixels including for each pixel, a light modula-

tor; and

active circuitry formed on a substrate for addressing the

light modulators of the array, wherein for each pixel, the
active circuitry includes a CMOS circuit comprising a
flip-flop for controlling application of an actuation volt-
age to the light modulator.

17. The display apparatus of claim 16, wherein the active
circuitry includes a control matrix having at least one TFT.

18. The display apparatus of claim 16, wherein the CMOS
circuit includes at least one of a voltage inverter and a level
shifting inverter.

19. The display apparatus of claim 16, wherein the flip-flop
electrically couples opposing actuators of the light modula-
tor.

20. The display apparatus of claim 16, wherein the light
modulator includes at least one of a shutter-based light modu-
lator, a light tap-based light modulator, and an electrowetting-
based light modulator.
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